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INTRODUCTION

The Council of the North Atlantic Treaty Organization (NATO) established the Committee on the
Challenges of Modern Society (CCMS) in 1969. CCMS was charged with developing meaningful
programs to share information among countries on environmental and societal issues that complement
other international endeavors and to provide leadership in solving specific problems of the human
environment. A fundamental precept of CCMS involves the transfer of technological and scientific
solutions among nations with similar environmental challenges.

The management of contaminated land and groundwater is a universal problem among industrialized
countries, requiring the use of existing, emerging, innovative, and cost-effective technologies. This
document reports on the fourth meeting of the Phase III Pilot Study on the Evaluation of Demonstrated
and Emerging Technologies for the Treatment and Clean Up of Contaminated Land and Groundwater.
The United States is the lead country for the Pilot Study, and Germany and The Netherlands are the Co-
Pilot countries. The first phase was successfully concluded in 1991, and the results were published in
three volumes. The second phase, which expanded to include newly emerging technologies, was
concluded in 1997; final reports documenting 52 completed projects and the participation of 14 countries
were published in June 1998. Through these pilot studies, critical technical information was made
available to participating countries and the world community.

The Phase III study focuses on the technologies for treating contaminated land and groundwater. This
Phase is addressing issues of sustainability, environmental merit, and cost-effectiveness, in addition to
continued emphasis on emerging remediation technologies. The objectives of the study are to critically
evaluate technologies, promote the appropriate use of technologies, use information technology systems
to disseminate the products, and to foster innovative thinking in the area of contaminated land. The Phase
III Mission Statement is provided at the end of this report.

The first meeting of the Phase III study was held in Vienna, Austria, on February 23-27, 1998. The
meeting included a special technical session on treatment walls and permeable reactive barriers. The
proceedings of the meeting and of the special technical session were published in May 1998. The second
meeting of the Phase III Pilot Study convened in Angers, France, on May 9-14, 1999, with represent-
atives of 18 countries attending. A special technical session on monitored natural attenuation was held.
This report and the general proceedings of the 1999 annual meeting were published in October 1999. This
third meeting was held in Wiesbaden, Germany from June 26-30, 2000. The special technical session
focused on decision support tools. The reports were published in January 2001. Most recently, the fourth
Phase III meeting was held September 9 -14, 2001 in Liége, Belgium. The topic of this year’s special
session was validation of in situ remediation performance.

This and many of the Pilot Study reports are available online at http://www.nato.int/ccms/ and
http://www.clu-in.org/intup.htm. General information on the NATO/CCMS Pilot Study may be obtained
from the country representatives listed at the end of the report. Further information on the presentations in
this decision support tools report should be obtained from the individual authors.

Stephen C. James
Walter W. Kovalick, Jr., Ph.D.
Co-Directors



NATO/CCMS Pilot Project on Contaminated Land and Groundwater (Phase lIll) January 2002

THIS PAGE IS INTENTIONALLY BLANK



NATO/CCMS Pilot Project on Contaminated Land and Groundwater (Phase lIll) January 2002

PROJECTS INCLUDED IN NATO/CCMS PHASE III PILOT STUDY
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1. Bioremediation of Qil-Polluted PAHs, munitions
Loamy Soil Belgium T T T chemicals
2. Pilot Test on Decontamination of Hg, metals, PAHs,
Mercury-Polluted Soil CzechRep. | T | T T T | TPH
PAHs, BTEX, TCE,
3. Permeable Treatment Beds Germany T |T |T T | T |PCE
4. Rehabilitation of Land Pb, Zn, Cd, As, H*,
Contaminated by Heavy Metals | Greece T T |SOs
Chlorinated
5. Application of BioScreens and pesticides, BTEX,
Bioreactive Zones Netherlands T |T |T |T |T TPH, HCH, PCE, TCE
6. Rehabilitation of a Site PAHSs, cyanides,
Contaminated by PAH Using metals, ammonium
Bio-Slurry Technique Sweden T T T | compounds
7. Risk Assessment for a
Diesel-Fuel Contaminated
Aquifer Based on Mass Flow
Analysis During Site
Remediation Switzerland T T PHC
8. Obstruction of Expansion of a
Heavy Metal/Radionuclide
Plume Around a Contaminated
Site by Means of Natural Pb, As, Cr, Cu, Cd,
Barriers Composed of Sorbent Hg, Ni, Zn; 1¥7Cs, 95,
Layers Turkey T |T T |28
9. Solidification/Stabilization of
Hazardous Wastes Turkey T T |T T | PCBs, AOX, metals
10. Metal-Biofilms Interactions in Metals (Cu, Zn, Cd),
Sulfate-Reducing Bacterial radionuclides (Lab-
Systems UK T T |scale)
11. Predicting the Potential for Coal tars, phenols,
Natural Attenuation of Organic creosol, xylenols,
Contaminants in Groundwater | UK T |T |T T | T |BTEX NH¢
12. Treatability Test for Enhanced In
Situ Anaerobic Dechlorination USA T |T |T TCE, DCE, VC, PCE
13. Permeable Reactive Barriers for
In Situ Treatment of Chlorinated
Solvents USA TI|T T | PCE, TCE, DCE
14. Thermal Cleanup Using PAHS, fuels, gasoline,
Dynamic Underground Stripping chlorinated solvents,
and Hydrous Pyrolysis/Oxidation | USA T T |T T pentachlorophenol
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TCE, TCA, DCE,
15. Phytoremediation of Chlorinated PCE, xylenes, methyl
Solvents USA T T chloride, TMB
Heavy Metals (Zn, Cd,
16. In-Situ Heavy Metal As, Pb, Cr, Ni, Cu,
Bioprecipitation Belgium T T | sulfate)
Chlorinated solvents,
BTEX, PCBs,
phenols, phthalates,
17. GERBER Site France T T T T 7T T | Pb,2Zn
Complex contamina-
18. SAFIRA Germany T T tion, chlorobenzene
19. Successive Extraction —
Decontamination of Leather
Tanning Waste DepOSited Soil Turkey T T Tanning wastes
20. Interagency DNAPL
Consortium Side-by-Side
Technology Demonstrations at
Cape Canaveral, Florida USA T |T DNAPLs
21. Development and Use of a
Permeable Adsorptive
Reactive Barrier System for
Ground Water Clean-up ata
Chromium-Contaminated Site | Switzerland T T | Chromium (V1)
22. Thermal In-Situ Using Steam
Injection Germany T T TCE, BTEX
Chlordane, DDT,
DDD, DDE, dieldrin,
23. Bioremediation of Pesticides USA T T molinate, toxaphene
24. Surfactant-Enhanced Aquifer
Remediation USA T |T PCE
25. Liquid Nitrogen Enhanced Chlorinated
Remediation (LINER) Netherlands T |T hydrocarbons
26. SIREN: Site for Innovative
Research on Monitored Natural
Attenuation UK T |T Organic solvents
27. Hydro-Biological Controls on
Transport and Remediation of
Organic Pollutants for PAHSs, phenols,
Contaminated Land UK T |T |T |T substituted benzenes
28. Demonstration of a Jet
Washing System for Remed- Tars, petroleum
iation of Contaminated Land UK T T hydrocarbons
29. Automatic Data Acquisition
and Monitoring System for
Management of Polluted Sites | Italy T |T | T TPH, BTEX
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30.

Biological Treatment
Technologies for the Cleanup
of TNT-Contaminated Sites

Germany

TNT

31

Phytoremediation Evaluation
for Petroleum Hydrocarbons in
Surface Soil

USA

T T Petroleum, PAHs

32.

Remediation of Chlorinated
Solvents in Groundwater by
Chemical Reduction Using
Zero-Valent Iron, Pneumatic
Fracturing, and Reagent
Atomization

USA

T TCE

33.

Chemical Oxidation and
Natural Attenuation at the
Camden County Landfill

USA

T Chlorinated ethenes

KEY:

AOX = adsorptive organic halogens
BTEX = benzene, toluene, ethylbenzene,

and xylenes
DCE = dichloroethene

HCH = hexachlorocyclohexane
PAHSs = polycyclic aromatic hydrocarbons
PCBs = polychlorinated biphenyls

PCE = tetrachloroethene

PHCs = petroleum hydrocarbons

SVOCs = semivolatile organic compounds
TMB = trimethylbenzene

TCA = trichloroethane

TCE = trichloroethene

TNT = trinitrotoluene

VC = vinyl chloride

VOCs = volatile organic compounds
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Project No. 1

Bioremediation of Oil-Polluted Loamy Soil

Location Project Status Media Technology Type
“van Oss” site, Interim Report loamy soil bioremediation
former fuel storage depot,
Neder-Over-Heembeeck

Technical contact Project Dates Contaminants

Ecorem nv accepted 1994 mineral oil

Dr. Walter Mondt final report 1997

ir. Serge Van Meerbeeck Costs Documented? Project Size

Wayenborgstraat 21 yes full-scale

2800 Mechelen (proposed future pilot project)

Tel: 015/29.49.29
Fax: 015/29.49.28
E-mail: Ecorem@glo.be

Progress on this project is current as of January 2002.
1. INTRODUCTION
Name of the technology: Bioremediation of oil polluted loamy soil.

Status of the technology: Highly innovative and reasonable costs. Further experiments are required to
evaluate different bioremediation techniques for the decontamination of loamy soil.

Project Objectives: Decontamination of oil polluted loamy soil by an in-situ activated biorestoration
system, composed of a bioventing and a biostimulation system.

Following the good decontamination results on the van Oss site, this project is considered as a first step
towards a more general and more effective application of bioremediation of contaminated loamy soils. In
collaboration with the ULB (Université libre de Bruxelles) Ecorem proposed a pilot project to NATO,
with objective to examine which bioremediation techniques could efficiently be used in the
decontamination of loamy soils polluted with hydrocarbons.

2. SITE DESCRIPTION

The van Oss site is a former fuel storage depot in Neder-over-Heembeek, contaminated with mineral oil.
A topographical situation of the site is shown on Figure 1.

3. DESCRIPTION OF THE PROCESS

Based upon a reconnoitring soil examination, it was proven that the soil as well as the groundwater of the
former fuel storage depot van Oss was seriously contaminated with mineral oil. Compared to the
contamination with this parameter, the presence of other components present was negligible.

The volume of contaminated soil (unsaturated zone) was estimated, based on the reconnoitering soil
examination, at 3.500 m®. Proceeding with these data, selective excavation of the contaminated zones was
a first option to be considered.

In order to draw up a detailed proposal for decontamination, Ecorem proposed an elaborated analysis
campaign based on a sample grid.
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Based on the analytical results and the positioning of the grid the volume of contaminated soil was
assessed. Table 1 gives an overview of the volumes of contaminated soil. In Figure 3 the horizontal
spreading of the mineral oil contamination in the soil is represented.

Table 1: Overview of the volumes of contaminated soil (mineral oil)
>525mg/kg DES >1000 mg/kg DS >5000mg/kg DS

Depth (cm)

0-200 9231 m? 6284 m? 943 m?
14,770 tons 10,054 tons 1509 tons

0-250 10,997 m? 6997 m? 1050 m?
17,995 tons 11,196 tons 1680 tons

0-300 12,763 m? 7711m?3 1156 m?
20,420 tons 12,338 tons 1850 tons

The cubing shows that the volumes of contaminated soil were considerably higher than estimated at first.
As a result, Ecorem proposed an alternative decontamination technique, i.e., an in-situ activated
biorestoration system composed of a bioventing and a biostimulation system. Bioventing consists of a
forced air flushing of the unsaturated soil with as main objective the supply of oxygen in order to
stimulate the biodegrading activity of the microorganisms present in the soil. The biostimulation in this
project consisted of mixing the contaminated ground with compost and wood flakes, in order to obtain a
porous matrix, and the addition of nutrients to enhance microbial activity.

Decontamination of the unsaturated zone consisted of the following stages:
A. Excavation of the Hot Spots

Hot spots (areas with severe contamination - here areas where the concentration of mineral oil
>5000mg/kg DS) are secondary sources of contamination, and can therefore inhibit the efficient
functioning of an in-situ decontamination technique. It is thus essential that these secondary sources of
contamination be removed, for the in-situ decontamination technique to have any chance of success.

B. Biodegradation

The efficiency of the biodegradation system strongly depends on soil characteristics. In order to obtain a
good biological degrading, the oxygen level and level of nutrients need to be established in optima forma.

A good supply of oxygen can only be realised in porous soils. Soils with limited air permeability, such as
loamy soils, therefore need to be mixed with structure amelioration additives. Oxygen is necessary for
hydrocarbon degradation, as this is done aerobically. Oxygen limitation leads to slowing down and
discontinuing of the degradation kinetics. The creation of good air permeability is also of crucial
importance for the bioventing.

A second parameter, the nutrient supply is just as essential for a good biodegradation. In order to optimise
the feeding pattern the soil should be mixed with bioactivating substrates.

C. Soil Air Extraction

The efficiency and the design of the soil air extraction strongly depend on the soil characteristics, as these
have an important effect on the movement and transportation of soil air (gas). The most important
determining soil characteristics are: soil structure, stratigraphy, porosity, grain size, water level, residual
contamination, and presence of macro pores.

The air permeability of the soil represents the effect of these different soil characteristics. The air
permeability indicates to what extent fumes can float through a porous environment.

8
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Air permeability and airflow velocity are linearly dependent. The higher the air permeability and the
airflow velocity, the greater the chances of an effective soil air extraction.

Taking into account that the loamy/clayey unsaturated zone at the van Oss site is heterogeneously built,
the air transportation throughout the soil is prevented and the airflow velocity is relatively small. A
solution to break this heterogeneity was to mix this oil with structure-enhancing additives till the depth of
0.5 m above ground water level. This also enlarged the porosity of the soil, which was favourable for air
transportation.

In order to get a large zone of influence, the placement of horizontal injection and withdrawal drains was
chosen. Placement of drains was performed in layers, the soil mixed with structure-enhancing additives
being completed (Figure 2)

The withdrawn air was purified in an air treatment establishment, consisting of following units:
Air/Water Separator and Air Filter

This separator and filter eliminates soil damp (water) and fine particles that may damage the mechanical
equipment, and might disrupt further air treatment. The water discerned needs to be collected and, if
contaminated, purified.

Vacuum Pump

The vacuum pump causes the suction in the underground. The compression heat in the pump causes a
temperature increase and a corresponding decrease of the relative humidity of the airflow when leaving
the blower.

Air Cleaning Unit
The pumped up air was treated by means of biofiltration and active carbon filtration.
Measure Devices

By measuring the different parameters the air treatment and soil air extraction could constantly be
monitored and adjusted.

The above mentioned decontamination concept has a double advantage:

e [t avoids transportation of considerable volumes of contaminated soil (approx. 12.000 tons with a
concentration higher than 1000mgkg DM) to an adapted dumping-ground,

e It relocates the problem of the desired quality from a problem of volume to a problem of time. The
final quality of the soil is function of the time period in which the system is applied.

The complete decontamination setting is represented in Figure 2.

4. RESULTS AND EVALUATION

The bioremediation of the unsaturated zone was started in October 1995, after the hot spots had been
excavated and the remaining soil had been mixed with compost and wood flakes. After two months a first
analysis campaign was executed. The results have been visually represented in Figure 3. Further analysis
campaigns were executed after 5 and after 10 months. These results have been represented in Figure 4 and
Figure 5. Based on the visual representation of the horizontal spread of the contamination in the different
figures it has become clear that the bioremediation technique is successful.
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After ten months the mean concentration of mineral oil was less than 490 ppm, while the decontamination
objective imposed by the BIM was a concentration of 900 ppm.

From these results it is clear that bioremediation techniques can be efficient on loamy soil on short term,
so that further examination for possible bioremediation techniques on finer textures offers quite a lot of
perspective.

5. COSTS

The bioremediation technique was also a favourable concept regarding the cost of decontamination. The
total cost for bioremediation of the unsaturated area amounted to about 20 million franks. A selective
excavation of the contaminated grounds would have easily exceeded a 30 million franks’ cost price.

6. PROPOSAL OF A PILOT PROJECT ON BIOREMEDIATION OF LOAMY SOIL

Following the decontamination at the van Oss site, Ecorem proposed to NATO a pilot project, with
objective to verify which bioremediation techniques are effective in the decontamination of contaminated
loamy soils.

In order to dimension the different technologies to be tested in the scope of this pilot project, the
following activities are planned prior to the experimental stage:

Characterisation of the Soil to be Treated

This stage consists of the analysis of the soil to be treated, regarding the most relevant organic and
inorganic parameters. Therefore, a number of samples will be taken. A good characterisation is necessary
because certain pollutants, even in low concentrations, have a certain inhibiting effect on the microbial
activity. Complementary to these analyses a certain number of general parameters such as grain size, the
C/N relation and the degree of humidity will be determined as well.

Determination of Initial Microbial Activity

The determination of initial microbial activity is performed based on the classical techniques used in soil
microbiology, such as microscopical research (countings), determination of the biomass by fumigation
and extraction, respiration measurements (CO, production) and ATP determinations.

Determination of the Maximum Potential Biodegradability of the Contamination Present

In order to determine the maximum degradability of the pollutants, column tests with lysimeters are being
executed. Therefore optimal conditions for microbial growth and degradation are created by means of
addition of water, nutrients, air, microorganisms and other additives. During the column tests the
pollutant concentration, the use of oxygen and the CO, production are continuously monitored in order to
obtain an accurate image of the biodegradability of the pollutants.

The preparatory stages will result in a first indication of the potential applicability of bioremediation as a
decontamination technique for loamy soils that were contaminated with hydrocarbons.

Based on the results and conclusions of the preparatory stages a number of decontamination concepts and
configurations will be tested on a lab scale. Regarding the in-situ decontamination techniques, this is only
executed with the help of column studies based on soil column lysimeters. Regarding the ex-situ
decontamination techniques, mainly bioreactor tests will be executed.

Soil column lysimeters are simple but efficient means to verify the possibilities to what extent the soil can
be in-situ decontaminated with the help of bioremediation techniques. In Figure 6 a schematic
representation of the test setting is given. Different soil columns are being equipped as represented in

10
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Figure 6. In the test setting fluid solutions can be put in with the help of a time-directed system that is
established on top of each column. Furthermore, air fumes can be added in each column. Before entering
the column, the fumes are lead through a shaft filled with glass pearls to enable a uniform separation.
Different column tests will be performed simultaneously to monitor the microbial activity and the
evolution of the contaminants under different circumstances and feedings. The liquid solutions will
mainly consist of nutrient mixtures containing nitrogen sources, phosphates and oligo-elements. For each
column the effluent is collected and analysed on pH, conductivity and nutrient concentrations. In order to
measure microbial activity in the column, the production of CO, produced is determined. On the columns
following treatments will be performed: control setting without specific treatment; only addition of water,
addition of water and nutrients, addition of water + nutrients + microorganisms; addition of water + air +
nutrients; addition of water + microorganisms + air + nutrients.

Such soil column lysimeters are extremely well equipped to verify whether contaminated sites can be
decontaminated in-situ with the help of bioremediation techniques. In addition, the column tests will be
used for the evaluation of ex-situ decontamination techniques, during which the contaminated soil will be
submitted to different preliminary treatments (e.g., mixing with compost). Different compost formulas
and relationships in the process will be tested.

Based on the results of the experiments on a lab scale, the most appropriate concepts will be tested on a
larger scale, in order to obtain a more realistic idea. Therefore the ex-situ decontamination techniques will
be tested in the soil-recycling centre. Regarding the in-situ decontamination techniques, the different
contaminated zones in different sites will be isolated civil-technically in order to prevent a horizontal
spreading of the contamination. The volume of isolated cells will amount to approximately 50m?. In order
to prevent spreading towards the ground water, a pump and injection system are established around
different cells. If possible slots will be dug to the depth of 2 to 3 m around the cells. From these slots
horizontal perforated tubes will be installed under the cells to enable monitoring of the groundwater as
well as of the soil vapour. With this sampling system the heterogeneity of the soil can be optimally
studied.

This decontamination experiments will be conducted on the future soil-recycling centre of s.a. Ecoterres

in Brussels. This centre will be built on the van Oss site, owned by the G.O.M.B. Figure 7 gives an
impression of the future soil-recycling centre.
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Figure 7
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Project No. 2

Pilot Test on Decontamination of Mercury-Polluted Soil

Location Project Status Contaminants Technology Type
Spolchemie a.s., Final report Metallic mercury Wet gravity
Usti nad Labem, separation
Czech Republic

Technical Contact
Marek Stanzel

Project Dates

Accepted 1999

Media
Soil

KAP, Ltd. Final Report 2000

Trojska 92

171 00 Prague 7

Czech Republic Costs Documented? Project Size Results Available?

Yes Pilot test - 1 m® (2 tons) | No

Tel: (00-420-2) 83 09 06 14
Fax: (00-420-2) 83 09 06 58
E-mail:

m.stanzel@prg.kap.cz

Project 2 was completed in 2000.
1. INTRODUCTION

The pilot test on decontamination of mercury-polluted soil consisting of excavation of mercury-polluted
soil and on-site wet gravity separation was conducted at the area of Spolchemie located in the center of
the city Usti nad Labem in northwest Bohemia. The pilot test was conducted with the aim to demonstrate
the recovery efficiency and possibility to fulfill the objective limit for decontamination, i.e., 70 ppm of Hg
in treated soil.

2. BACKGROUND

In 1998, the investigation of pollution and risk assessment was finished in the area of Spolchemie, a large
chemical plant located in the center of Usti nad Labem in northwest Bohemia. High-grade elemental Hg
pollution of soil was found in areas adjacent to former and current buildings of the mercury-cell process
for producing caustic soda, caustic potash, hydrogen, and chlorine. Maximum concentrations of mercury
often reach up to hundreds of thousands ppm. Total calculated amount of metallic Hg is 267-445 tons in
222.740 m’ of polluted soil. The mercury is present in the form of visible drops or softly dispersed in the
soil. The scale and character of the pollution was presented in detail in previous papers. A scale of the
cleanup project has not been decided yet, but it looks very probable that the main volume of polluted soil
will be excavated and decontaminated and the lower level of pollution will be monitored only. The
feasibility study evaluating decontamination methods used worldwide was performed.

Because of a lack experience in decontamination of mercury-polluted soils in the Czech Republic, a
project was conducted in 1998 for identification and laboratory tests for decontamination. The project
aimed to select the most suitable method for decontamination of soils with massive pollution by mercury.
For a large quantity of contaminated material the thermal method (used worldwide) is not considered
suitable for our case because of high-energy costs. Regarding the laboratory tests, the experts of KAP
decided to solve this problem by means of wet gravity separation, taking advantage of mercury’s specific
physical and chemical properties. On the basis of laboratory tests, the Pilot Test Project for
Decontamination of Mercury-Polluted Soil was elaborated and accepted in 1999.

The main aim and tasks of the pilot test was to solve the following problems in semi-industrial scale:

e to check recovery efficiency of the proposed gravity separation on 1 - 3 m® of polluted material;
e to check possible adsorption of Hg on clay minerals and its influence on the decontamination
efficiency;
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e to test the dewatering of treated material;

e to specify the energy consumption and total costs of decontamination;

e to design the optimal decontamination unit that could be maintained and operated effectively under
the conditions of the local economy and infrastructure.

The Pilot Test was funded by the Czech National Property Fund. The total cost was 0.5 M CZK (13,000
USD).

3. TECHNICAL CONCEPT
The decontamination unit set up for the pilot test consists of the following devices:

steel container— excavated material was loaded into steel container where the material was blunged by
hydromonitor— this device blunges and feeds the treated material to

gravity storage bin— from this tank the suspended material was pumped to

hydrocyclone— the first stage of separation - classifying into two fractions - mud and sand (in this
fraction, the metallic mercury is concentrated and the mud is dewatered and backfilled into the excavation
hole)

centrifugal concentrator— the second stage of separation, the pre-concentrate is finally treated
sedimentation basins— wastewater from hydrocyclone and centrifugal concentrator is pre-treated
(sedimentation of mud)

centrifuge— dewatering of mud from hydrocyclone and sedimentation basins.

During the processing of polluted soil the important points of tested technology was sampled:

polluted soil— this represents a problem because of the highly variable Hg concentration in the material
(due to occurrence of Hg in drops and/or finely disseminated), analyzed concentrations vary from X00 to
120,000 ppm in the feed (i.e., polluted soil);

waste from hydrocyclone (mud) — determined values of Hg concentration did not exceed 10 ppm;
pre-concentrate from hydrocyclone (sandy fraction) — due to high specific weight of Hg it is also
complicated to collect representative samples;

waste from centrifugal concentrator— due to high specific weight of Hg it is also complicated to collect
representative samples— determined Hg concentration was in order X ppm;

concentrate, i.e., separated mercury— this output was not sampled because it is represented by metallic
mercury with admixture of sand, in frame of conducted Pilot Test about 9 ml of mercury (i.e.,
approximately 121.5 g) was separated.

process water— determined concentration of Hg were under the detection limit (<0.003 mg/I) so during
the decontamination process the Hg does not dissolve in processing water.

The test for dewatering of treated soil was successful. The determined moisture in treated soil shows that
it is possible to backfill this material into the excavation because the moisture in dewatered material is
only about 5% higher than in natural soil.

4. ANALYTICAL APPROACH

During the pilot test, the excavated material, feed, and outputs were sampled and analyzed for mercury
concentration, as well as the process water. The total concentration of Hg, as well as the concentration of
metallic, organic, and inorganic form of Hg, was analyzed. The concentration of accompanying pollutants
was also monitored (i.e., CHCs, heavy metals). Analyses were carried out in accredited laboratories by
relevant analytical methods.
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5. RESULTS

The conducted pilot test approved the excellent recovery efficiency of wet gravity separation of the
mercury from polluted soil. Concentration of mercury in the feed reached values over 100,000 ppm.
Analyzed concentration in output (i.e., treated “clean” soil) did not exceed 10 ppm (i.e., in conditions of
The Bohemian Massif value only slightly exceeding the natural background).

On the basis of results of the pilot test a final proposal on decontamination of mercury polluted soil was
elaborated. Proposed treating technology is consisting of accessible technology.

6. HEALTH AND SAFETY

Regarding the mercury’s specific physical and chemical properties and wet treating process, no
extraordinary personal protection clothing or devices were used.

7. ENVIRONMENTAL IMPACTS

Conducted pilot test had no impact on the environment. Treated (i.e., clean) soil was backfilled into the
space of excavation. Process water was pre-treated in sedimentation basins and released to the plant’s
sewerage system and subsequently to the wastewater treating plant. The quality of both treated soil and
wastewater was monitored. Content of metallic mercury in treated soil was below 10 ppm. Concentration
of Hg in wastewater was under the detection limit (<0.003 mg/1).

8. COSTS
The total project cost was 0.5M CZK (13,000 USD). The cost breakdown was as follows:

Personnel cost (managing, supervision, consultant) - 49%

Pilot Test operation (excavation, treating, dewatering, sampling) - 41%
Laboratory cost -7%

Transportation - 2%

Miscellaneous - 1%

9. CONCLUSIONS

In the frame of the successfully conducted pilot test, the mercury contaminated soil was excavated and
blunged, and by the means of gravity separation the mercury was recovered. Treated soil was dewatered
by centrifuge. During the pilot test all the feed and outputs, as well as processing water, were sampled and
analyzed.

The pilot test approved excellent recovery efficiency of wet gravity separation of metallic mercury using
normally accessible technology. On the basis of the results, the proposal on gravity decontamination
technology for remediation in the area of Spolchemie was elaborated. This proposal is assessed by The
Czech Environmental Inspectorate.

10. REFERENCES

1. Sedlacek M.: Risk Analysis Update - Pollution of Rock Environment and Groundwater by Mercury in
the Area of Spolchemie a.s. in Usti nad Labem. KAP, Ltd., Prague, 1998.

2. Sedlacek M.: Report on Laboratory Testing of Decontamination of Mercury Polluted Soil., KAP,
Ltd., Prague, 1999.

3. Sedlacek M.: Report on Pilot Test on Decontamination of Mercury Polluted Soil. KAP, Ltd., Prague,
2000.
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Project No. 3
Permeable Treatment Beds
Location Project Status Contaminants Technology Type
Former solvent blending plant, [ Field tests Chlorinated and non- Permeable reactive
Essen, Germany finalized in 1999 | chlorinated solvents, barrier as in situ
BTEX-aromates, TCE, groundwater
PCE remediation
technology
Technical Contact Project Dates Media
Eberhard Beitinger Accepted 1997 Groundwater
WCI Umwelttechnik GmbH Completed 1999
Sophie-Charlotten-Strafie 33 Costs Project Size Results Available?
14059 Berlin Documented? Full-scale Field test results
Tel: +49-/(0)30-32609481 Cost estimation is available
Fax: +49-(0)30-32609472 available
E-mail: exbeiti0@wcc.com

Project 3 was completed in 1999.
1. INTRODUCTION

A pilot groundwater treatment plant was installed at a former industrial site in Essen, Germany, where
organic solvents had been stored and processed in a small chemical plant for several decades. Leakage
and handling losses caused significant soil and groundwater contamination, mainly by BTEX and CHC.
The contaminated aquifer has low hydraulic conductivity and is only 2-3 m thick. The aquifer is covered
by 4-11 m of thick, silty and clayey covering layers (loess). During investigations and conceptual
remediation design, it was determined that the site was suitable to install adsorbent walls since
conventional remediation and contamination control measures cannot be applied in a cost-efficient
manner.

Subsequently, WCI and IWS studied and reported on various technical variants to install an adsorbent
wall in a feasibility study. The study also established which data were necessary to arrive at the
dimensions of the adsorbent wall. The feasibility study recommended that pilot tests be conducted on the
site for this purpose.

The objective of the pilot tests was to obtain precise information on the adsorption potential for the
contaminants at the site, the type and quantity of the required adsorbent material, the functioning of filters
at different flow speeds, and the long-term effectiveness and attendant risks, if any, of installing an
adsorbent wall.

Conducting the pilot tests involved the following principal tasks:

e Selecting a suitable adsorbent for the tests depending on water quality and the relevant contaminant
concentrations at the site;

e Structural design and planning of the pilot plant;

e Operating and taking samples from the pilot plant, as well as carrying out laboratory analyses;

e Assessment of the pilot tests.

2. BACKGROUND/SITE DESCRIPTION

From 1952 to 1985, a chemical factory was located on an area of about 10,000 m? in a city in the Ruhr
area. Mostly solvents, like hydrocarbons, volatile chlorinated hydrocarbons, PAHs, petroleum, turpentine
oil substitute, ketones, monoethyleneglycol, and alcohols were handled, stored, and processed. Today, a
residential building is left on the site while underground and above ground tanks are demolished.
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The ground was filled up 2.0 m over silty soil (approx. 4 to 11 m thick). Below the silt, a layer of sand
and gravel (0.8 to 7.4 m) and marly sands (7.0 to 16.3 m below the top) have been detected. The marly
sands are the first waterproof layer.

The first aquifer is about 1.0 to 3.2 m thick and the flow velocity is very slow (k¢= 6.6 x 10® m/s). The
concentrations of main contaminants in groundwater are petrol hydrocarbons 23.6 mg/l to 164.0 mg/I,
volatile chlorinated hydrocarbons 27.0 mg/1 and aromatic hydrocarbons 153.0 mg/l. Furthermore, higher
concentrations of manganese and iron are present.

The project is funded by the city of Essen and the state; Nordrhein-Westfalen, the former owner, went
bankrupt.

3. DESCRIPTION OF THE PROCESS

The pilot plant was fed with groundwater, which was pumped directly from the aquifer into the front
column. Two dosing pumps located behind a gravel bed in the front column fed groundwater into
columns 1 and 2. The gravel filter served to hold back sediments as well as to eliminate iron and
manganese.

Column 1 contained:

45 cm gravel filter (size: 2 to 3.15 mm)

5 cm activated carbon ROW 0.08 supra

5 cm gravel filter (gravel size: 2 to 3.15 mm)
65 cm activated carbon ROW 0.08 supra

The thickness of the activated carbon bed in Column 1 corresponded to the recommended thickness of the
activated carbon bed of the adsorbent wall in the feasibility study.

Column 2 contained:
e 100 cm activated carbon ROW 0.08 supra
The treated water was led via an overflow into a trough located outside the container.

Groundwater analyses were based on the contamination at the site; their scope was determined by the
feasibility study to install an adsorbent wall. The analyses covered field parameters, general parameters
and parameters to quantify BTEX and volatile CHC contamination.

The analyzed general parameters included sum parameters for organic compounds as well as the
parameters iron and manganese. A sum parameter for organic compounds was used in order to study
whether it could serve as a substitute for analyses of individual substances. Moreover, the sum parameters
were also used to check whether the results of individual analyses were plausible. Iron and manganese
contents were determined in order to check whether precipitation of these substances would block the
adsorbent wall.

Separate analyses were carried out for BTEX and volatile CHC. The number of analyzed parameters (16)
was deliberately large so as to also cover important decomposition products such as vinyl chloride.
Contaminant retention by the activated carbon was determined in two ways. First, contaminant
concentrations were continuously monitored at the inlet, in the columns, and at the column outlets.
Secondly, following the conclusion of tests, the columns were disassembled and individual partitions of
carbon samples were analyzed for contaminant content. Tests were carried out to determine whether iron
and manganese precipitation or microbial activity in the activated carbon could block the adsorbent wall.
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Water samples collected on 11 days were tested for numerous parameters; on the whole, over 1,600
individual results were obtained for water samples taken during pilot operation. The determined
concentrations for dissolved organic carbons (DOC) ranged between 80 and 160 mg/I at the inlet. The
DOC values correlate well with the CSB and TOC concentrations. No contaminant breakthrough was
detected in samples from the outlets of the two columns over a period of almost half a year.

The pilot tests with Columns 1 and 2 confirm that putting up an adsorbent wall is feasible.
With respect to contaminant retention, results of the pilot tests indicate that the long-term effectiveness
would be much higher than the estimated period of 30 years in the feasibility study.

4. RESULTS AND EVALUATION

The pilot tests confirm the findings of the feasibility study, to the effect that the site is suited to put up an
adsorbent wall. The following statements can be made with respect to the present tests:

The pilot tests show good contaminant retention in the activated carbon, in fact much higher than what
was assessed in the feasibility study. Contaminant breakthrough for toluene and trichloroethylene was
determined at sampling point S2P50 (i.e., after flow through 50 cm), Column 2, only at the end of the 5-
month pilot test operation. By this time, throughput had reached 600 times the bed volume.

The pilot tests indicate that the durability of the wall given a 70 cm-thick activated carbon layer would be
much higher than the 30 years estimated in the feasibility study. The thickness of the carbon layer should
therefore be reduced when the wall is put up.

The DOC concentrations established during the pilot tests can almost entirely be traced to the
contaminants detected at the site. It is therefore to be expected that the adsorbing potential of the activated
carbon will not be impaired by natural organic compounds, such as human.

Data pertaining to the contaminant breakthrough suggest that the depletion of the adsorbing capacity of
the activated carbon is accompanied by a sharp peak in the concentration of volatile substances. A
suitable monitoring system should therefore be set up when the adsorbent wall is erected.

The fact that the activated carbon could be regenerated after disassembling the plant suggests economic
operation of the adsorbent wall.

Laboratory analyses of the water and activated carbon samples indicate that iron and manganese
precipitation will be insignificant and will not block the adsorbent wall.

Microbial activity could not be detected in the gravel filter or in the activated carbon; it may be concluded
that under the given site conditions, the build-up of bacterial film does not pose a risk.

Preliminary laboratory tests to determine the choice of activated carbon as well as pilot tests must be
carried out in all cases prior to setting up an adsorbent wall given the variance in site conditions.

5. COSTS

The costs for conducting the field tests have been EURO 50.000,--. The overall costs to erect the wall
system and then fill it with activated carbon are estimated to be EURO 750.000,--. Included are additional
costs for monitoring the water quality for 30 years, which is as long as the minimum performance time of
one single filling will be.

In comparison with traditional pump-and-treat groundwater remediation costs, the proposed permeable
reactive barrier system will be at least 25% less expensive.

6. REFERENCE

Eberhard Beitinger and Eckart Biitow. Machbarkeitsstudie zum Einsatz einer Adsorberwand -
“Schonebecker Schlucht” in Essen, Internal Report, WCI, Wennigsen, 1997 (not published)
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Project No. 4

Rehabilitation of Land Contaminated by Heavy Metals

Location Project Status Contaminants Technology Type
Lavrion, Kassandra (Greece) 31 Progress Report | Lead, zinc, cadmium, Alkaline
Sardinia (Italy) arsenic, acidity, sulfates | additives
Estarreja (Portugal) Surface barriers
Chemical
fixation and
immobilization
Soil leaching

Technical Contact

Prof. loannis Paspaliaris,

Dr. Anthimos Xenidis

National Technical University of Athens
9, Iroon Polytechneiou str.

157 80 Zografou

Greece

Tel: +30/1-772-2176

Fax: +30/1-772-2168

Project Dates

Accepted 1997
Final Report 2002

Media

Mining tailings and waste

cinders, Soil

rock, Pyrite

Costs Documented?

No

Project Size

Laboratory,

Demonstration-scale

Results Available?

Yes

1. INTRODUCTION

Polymetallic sulfide mining and processing operations result in the generation of millions of tons of
mining, milling, and metallurgical wastes, most of them characterized as hazardous. Improper
environmental management in the past, but to some degree in current operations, has resulted in intensive
in terms of concentration and extensive in spatial terms pollution of land and waters by heavy metals and
toxic elements which migrate from the wastes. The project aims at developing (a) innovative, cost-
effective and environmentally acceptable industrial technologies for the rehabilitation of land
contaminated from sulfide mining and processing operations and (b) an integrated framework of
operations that will allow for environmentally sustainable operation of the mining and processing

industries.

Rehabilitation technologies under development include:

Preventive

—

Application of alkaline additives to prevent acid generation from sulfidic wastes.

2. Formation of surface barriers with bentonite, zeolite or other additives to prevent pollutant
migration from the pyrite cinders and calamina residues.
3. Chemical stabilization of the heavy metals in situ in oxidic wastes and soils.

Remedial

Removal of heavy metals from soils by leaching techniques.

The status of the technologies is bench and demonstration scale. One particular technology involving the
application of ground limestone to inhibit acid generation has been applied in full-scale for the
rehabilitation of a 150,000 /2,500 ha sulfidic tailings dam in Lavrion.

2. SITES

The research is of a generic nature and the results applicable to a wide number of cases. The sites

examined as case studies are given below:
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Site Description Material tested
Redundant polymetallic sulfide mine Sulfidic and oxidic
Lavrion, GR (argentiferous, galena, sphalerite, pyrite) tailings, soils
Active polymetallic sulfide mines (galena- Waste rock
Stratoni, GR sphalerite-pyrite) with a mining history of
more than 2.500 years.
Montevecchio, Extensive Pb-Zn historic mining area. Sulfidic tailings,
Monteponi, Sardinia, IT ~ Currently, there is one operating and many calamina red mud,
redundant mines. soils
Chemical industrial site. Production of Pyrite cinders
Estarreja, PT sulfuric acid by roasting of pyrites in the
period 1952-1991.

3. DESCRIPTION OF THE PROCESSES-RESEARCH ACTIVITY
3.1 Preventive Technologies to Inhibit the Spread of Pollution from the Active Sources

Processes for the prevention of pollutant migration, which were investigated in laboratory scale and are
being evaluated in field scale, include:

A. Limestone or Fly Ash Addition to Prevent Acid Generation from Sulfidic Wastes

The technical objective is the development of a process for the inhibition of acid generation from sulfidic
wastes by making beneficial use of the oxidation-dissolution-neutralization-precipitation reactions so as
to achieve: on a microscale, precipitation of reaction products around the pyrite grains, inhibiting further
oxidation and/or on a macroscale, formation of a hard pan that will drastically reduce the permeability of
wastes to water and oxygen. By achieving these goals, the required limestone or other alkaline additive
will be only a fraction of the stoichiometric requirements; therefore, the cost of application will be
significantly lower compared to the current practice of adding near-stoichiometric quantities.

An extensive laboratory kinetic testwork was carried out using limestone, a low cost and commonly found
at mine sites alkaline material, and fly ash, a by product of Greek-lignite powered electricity plants with
significant neutralization potential and cementitious properties. Kinetic tests using columns or humidity
cells were carried out for a period of 270-600 days. After 270 days of operation a selected number of
columns as well the humidity cells were dismantled and a detailed geotechnical and geochemical
characterization of the solid residues was performed.

Based on the laboratory test results, field tests were constructed in Lavrion and Stratoni, for the
remediation of sulfidic tailings and waste rock respectively, which have been run for a period of sixteen
months.

B. Formation of Surface Barriers for the Pyrite Cinders and Calamina Residues

The technical objective is to develop an innovative, cost-effective process for the inhibition of the toxic
leachate generation from these wastes by modification of the top surface layer with bentonite or
bentonite-zeolite additives. The aim is to achieve very low permeability of the surface layer in order to
inhibit water infiltration and subsequent leaching of contaminants.

The laboratory work performed include: a) selection of the stabilizing agents (bentonites and/ or zeolites
and/ or other materials) having certain properties (proper sediment volume, swelling index, yield, filtrate
loss and high cation exchange capacity), b) short term leaching tests to preliminarily determine
parameters including mode of application and addition rates of the stabilizing agents and c) lysimeter
kinetic tests. Following laboratory testing, field scale tests were conducted to evaluate the performance of
low permeability layers including: a) a sand-bentonite mixture to cover pyrite cinders at the Estarreja site,
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and b) an alumina red mud stabilized with gypsum and calamina red mud mixture to cover calamina
residues and Montevecchio oxidic tailings.

C. Chemical Stabilization of Metals in Oxidic Wastes and Soils

The technical objective is to develop a process for the in-situ immobilization of heavy metals that exist in
toxic and bioavailable speciations by transforming them into less soluble and bioavailable species using
calcium oxyphosphates or other low cost additives.

A number of stabilizing agents including phosphates, alumina red mud, fly ash, peated lignite and
biological sludge were tested on Lavrion and Montevecchio oxidic tailings and soils by conducting pot
experiments. Stabilization was examined by chemical extraction tests and verified by actual biological
tests. Chemical extraction tests included toxicity characterization using the EPA-TCLP test and
determination of the bioavailable-phytotoxic fraction using a combination of EDTA, DTPA and NaHCO;
leaching tests. The biological tests involved plant growth tests using dwarf beans (Phaseolus vulgaris
starazagorski) as plant indicator. The morphological parameters of the plants (root weight, leaf area,
length and weight of aerial parts) were measured. Samples from the roots and leaves were collected for
the determination of the metal concentrations. Based on the laboratory test results, alumina red mud
stabilized with gypsum was proven to be a successful stabilizing agent for Montevecchio soils and was
tested under field conditions. On the other hand a mixture of phosphates and peated lignite was selected
and is tested in field scale for the stabilization of Lavrion oxidic tailings and soils.

3.2 Development of Remedial Industrial Technologies for the Clean-up of Contaminated Sites

Remedial measures for rehabilitation of contaminated soils include removal of contaminants by either
chemical or physical means with operations, which can be applied either in-situ or ex-situ. The technical
objective is to develop process/processes for the removal of heavy metals from soils by leaching
techniques.

Leaching Methods for the Clean-up of Contaminated Soils

The work performed comprised the following stages: a) evaluation of alternative leaching reagents, i.e.
oxalic acid, acetic acid, citric acid, Na,H,EDTA, Na,CaEDTA and an acidic brine consisting of HCI-
CaCl,, b) development of two integrated leaching processes based on the use of Na,CaEDTA and HCI-
CaCl, reagents, with the investigation of all the required treatment stages, i.e. removal of metals from the
pregnant solution, regeneration of reagents for recycling, polishing of effluents for discharge etc., c)
comparative evaluation of the above processes on representative soil samples from Montevecchio and
Lavrion sites. The integrated HCI-CaCl, and Na,CaEDTA processes were also evaluated with column
experiments, in order to define crucial operating parameters for the application of heap leaching
techniques on Montevecchio (MSO) and Lavrion (LSO) soils.

4. RESULTS AND EVALUATION
4.1 Limestone or Fly Ash Addition to Prevent Acid Generation from Sulfidic Wastes

Mixing of the pyrite with limestone at rates corresponding to only 15% of the stoichiometric quantity was
effective both in preventing the generation of acidic drainage and reducing the hydraulic conductivity.
Furthermore, mixing of pyrite or Lavrion tailings with 18-20 % w/w fly ash resulted in the formation of a
cemented layer that reduced the permeability by two orders of magnitude as compared with the control
inhibiting the downward migration of acidic leachates. Based on the experimental work, field tests were
constructed in Lavrion. The field test area was divided into 4 quadrants of 100 m* (10 x 10 m) where the
alkaline materials were homogeneously mixed with Lavrion tailings and applied either to the entire mass
of tailings or only to the upper layers. Referring to the Stratoni waste rock, the separation of the sulfide
rich -4 mm size fraction and its placement after mixing with 14% limestone on top of the coarse was

24



NATO/CCMS Pilot Project on Contaminated Land and Groundwater (Phase lIll) January 2002

proven effective in preventing acid generation even under acidic conditions. Based on the laboratory
results, field tests (4 testing areas) were constructed in the Stratonion site. The remediation scheme
investigated involves separation of the fine from the coarse fraction, mixing of the fine fraction with
limestone and placement of the mixture on top of the coarse fraction. Field tests are currently in progress.
However, the monitoring results obtained so far indicated that the investigated remediation scheme
decreased significantly the drainage volume and improved the leachates quality.

4.2 Formation of Surface Barriers for the Pyrite Cinders and Calamina Residues

Laboratory tests showed that mixing of pyrite cinders or calamina red mud with bentonite would not
reduce drastically the hydraulic conductivity, so that to achieve the formation of a low permeability layer,
i.e. k: <107 cm/sec. Alternative materials such as alumina red mud stabilized with gypsum and a sand-
bentonite mixture are currently evaluated under field scale for the rehabilitation of calamina red muds and
pyrite cinders respectively. Preliminary results showed that covering of the pyrite cinders with a sand-
10% bentonite layer, 30 cm thick, reduced the volume of leachates by 72%. The reduction in the
cumulative mass of metals dissolved was 90% for iron, copper and zinc, 83% for arsenic and 75% for
lead.

4.3 Chemical Stabilization of Metals in Oxidic Wastes and Soils

For Lavrion oxidic tailings, phosphates, fly ash and biological sludge, added to amounts 0.9, 8 and 10 %
w/w, were proven to be efficient stabilizers reducing Pb and Cd leachability well below the regulatory
limits. The most successful additives for Lavrion soils were phosphates, lime, red mud and fly ash at a
dose of 1.4, 5, 5 and 7.5% w/w respectively. Alumina red mud stabilized with 5% gypsum was proven to
be a successful stabilizing agent for Montevecchio soils.

Given that inorganic materials, e.g. phosphates, fly ash, lime, do not support plant growth, whereas the
application of organic materials, e.g. biological sludge, peated lignite, has a beneficial effect on the
production of biomass, the rehabilitation scheme currently tested under field scale involves mixtures of
inorganic and organic materials including phosphates and peated lignite. The field test results indicated
that treatment of soils and oxidic tailings with phosphates and peated lignite improved the leachates
quality and plants growth and reduced metals uptake by plants.

4.4 Leaching Methods for the Clean-up of Contaminated Soils

The HCI-CaCl, process was selected as the most efficient treatment option for Montevecchio soils, due to
their low calcite content, whereas the Na,CaEDTA process was considered as best alternative for the
calcareous soils of Lavrion. The results indicated that it is possible to achieve a high extraction of heavy
metals, e.g., Pb 93-95%, Zn 78-85%, Cd 71-95% etc. The contaminants are recovered in a solid residue,
corresponding to approximately 76 kg per ton soil on a dry basis. Finally, fresh water required for the
final washing of treated soil was estimated to be approximately 1.6 m® per ton soil.

5. COSTS

Cost estimates of rehabilitation technologies examined will be available upon evaluation of field scale test
results.

6. REFERENCES

1. Cambridge, M. et al, 1995: "Design of a Tailing Liner and Cover to Mitigate Potential Acid Rock
Drainage: A Geochemical Engineering Project”" presented at the 1995 National Meeting of the
American Society for Surface Mining and Reclamation, Gillette, Wyoming.

2. Daniel, D.E., Koerner, R.M., 1993: Cover systems in geotechnical practice for waste disposal, ed.
D.E. Daniel, Chapman and Hall, London, pp. 455-496.

25



NATO/CCMS Pilot Project on Contaminated Land and Groundwater (Phase lIll) January 2002

3. Elliot, H.A., Brown, G.A. & Shields, G.A., Lynn, J.H., 1989. Restoration of metal-polluted soils by
EDTA extraction. In Seventh International Conference on Heavy Metals in the Environment, Geneva,
vol.2, pp. 64-67.

4. Hessling, J.L., M.P. Esposito, R.P. Traver, & R.H. Snow, 1989. Results of bench-scale research
efforts to wash contaminated soils at battery recycling facilities. In J.W. Patterson & R. Passino

(eds.), Metals Speciation, Separation and Recovery, Chelsea Lewis Publishers Inc., vol.2, pp. 497-
514.

5. Jenkins, R.L., B.J. Sceybeler, M.L. Baird, M.P. Lo & R.T. Haug, 1981. Metals removal and recovery
from municipal sludge. Journal WPCF, vol. 53, pp. 25-32.

6. Kontopoulos, A., Komnitsas, K., Xenidis, A., Papassiopi, N., 1995: Environmental characterization
of the sulfidic tailings in Lavrion. Minerals Engineering, vol.8, pp. 1209-1219.

7. Kontopoulos, A., Komnitsas, K., Xenidis, A., Mylona, E., Adam, K., 1995: Rehabilitation of the
flotation tailings dam in Lavrion. Part I: Environmental characterization and development studies, 71/

International Conference and Workshop on Clean Technologies for the Mining Industry, Santiago,
Chile.

8. Kontopoulos, A., Komnitsas, K., Xenidis, A., 1995: Rehabilitation of the flotation tailings dam in
Lavrion. Part II: Field application, /I International Conference and Workshop on Clean Technologies
for the Mining Industry, Santiago, Chile.

9. Kontopoulos, A., Adam, K., Monhemius, J., Cambridge, M., Kokkonis, D., 1996: Integrated
environmental management in polymetallic sulphide mines, Fourth International Symposium on
Environmental Issues and Waste Management in Energy and Minerals Production, Cagliari, Italy.

10. Kontopoulos, A., Papassiopi, N., Komnitsas, K., Xenidis, A., 1996: Environmental characterization
and remediation of tailings and soils in Lavrion. Proc. Int. Symp. Protection and Rehabilitation of the
environment, Chania.

11. Kontopoulos, K. Komnitsas, A. Xenidis, 1998: Heavy metal pollution, risk assessment and
rehabilitation at the Lavrion Technological and Cultural Park, Greece. SWEMP ’98 Conference,
Ankara.

12. Kontopoulos, A. and Theodoratos, P., 1998: Rehabilitation of heavy metal contaminated land by
stabilization methods. In: M.A. Sanchez, F. Vegara and S.H. Castro, (eds.) Environment and
innovation in mining and mineral technology. Univ. of Conception-Chile.

13. Krishnamurthy, S., 1992: Extraction and recovery of lead species from soil. Environmental Progress,
vol. 11, pp. 256-260.

14. Leite, L. et al., 1989: Anomalous contents of heavy metals in soils and vegetation of a mine area in
S.W. Sardinia, Italy. Water, Air and Soil Pollution, vol. 48, pp. 423-433.

15. Xenidis, A., Stouraiti, C. and Paspaliaris, 1., 1999: Stabilization of highly polluted soils and tailings
using phosphates”, in Global Symposium on Recycling, Waste Treatment and Clean Technology,
REWAS °99, 1. Gaballah, J. Hager, R. Solozabal, eds., San Sebastian, Spain, pp. 2153-2162.

16. Xenidis, A., Stouraiti, C., and Paspaliaris, 1., 1999: Stabilization of oxidic tailings and soils by

addition of calcium oxyphosphates: the case of Montevecchio site (Sardinia, Italy), Journal of Soil
Contamination, 8(6), pp. 681-697.

26



NATO/CCMS Pilot Project on Contaminated Land and Groundwater (Phase lIll) January 2002

17.

18.

19.

20.

21.

22.

Papassiopi, N., Tambouris, S., Skoufadis, C. and Kontopoulos, A., 1998: Integrated leaching
processes for the removal of heavy metals from heavily contaminated soils, Contaminated Soil 98,
Edinburg.

Peters, R.W. & L. Shem, 1992: Use of chelating agents for remediation of heavy metal contaminated
soil. In ACS Symposium Series Environmental Remediation: 70-84.

Roche, E.G., J. Doyle & C.J. Haig, 1994: Decontamination of site of a secondary zinc smelter in
Torrance California. In IMM, Hydrometallurgy ‘94: 1035-1048. London: Chapman & Hall

Royer, M.D., A. Selvakumar & R. Gaire, 1992: Control technologies for remediation of contaminated
soil and waste deposits at superfund lead battery recycling sites. J. Air & Waste Management
Association, pp. 970-980.

Shikatani, K.S., Yanful, E.K., 1993: An Investigation for the Design of Dry Covers for Mine Wastes,
in Proceedings of the International Symposium on Drying, Roasting, Calcining and Plant Design and
Operation. Part I Advances in Environmental Protection for Metallurgical Industries, eds: A. J.
Olivier, W. J. Thornburn, R. Walli, 32" Annual Conference of Metallurgists of CIM, Quebec, Aug.
29-Sep.2, pp. 245-258.

Theodoratos, P., Papassiopi, N., and Kontopoulos, A., 1998: Stabilization of highly polluted soils,
Contaminated Soil 1998, Edinburg.

27



NATO/CCMS Pilot Project on Contaminated Land and Groundwater (Phase lIll) January 2002

Project No. 5

Application of Bioscreens and Bioreactive Zones

Location Project Status Contaminants Technology Type
Rademarkt (former dry cleaning site) Final report Oil, BTEX, In situ
Rotterdam Harbour (oil refinery site) chlorinated solvents, bioremediation
Rural Area (natural gas production site) chlorinated pesticides,

Akzo Nobel (chlorinated pesticides site) and benzenes

Technical Contact Project Dates Media

Herco Van Liere/Huub Rijnaarts/Sjef Staps | Accepted 1998 Groundwater

TNO Institute of Environmental Sciences, Costs Documented? Project Size Results Available?
Energy Research and Process Innovation Yes Pilot to full-scale Yes

Laan van Westenenk 501

7334 DT Apeldoorn

The Netherlands

Tel: +31 55 5493380

Fax: +31 55 5493410

E-mail: H.H.M.Rijnaarts@mep.tno.nl
S.Staps@mep.tno.nl

Project 5 was completed in 2000.

1. INTRODUCTION

Name of the technology: Biowalls/Bioscreens/Biobarrier/Treatment zones
Status of the technology: bench, pilot to full scale; emerging and innovative

Project objectives: To develop and demonstrate the technical and economical feasibility of various
biowall/bioscreen configurations for interception of mobile groundwater contaminants, as a more cost-
effective and groundwater resources saving alternative for currently used pump-and-treat approaches.

2. SITE DESCRIPTIONS

Chlorinated solvent site. The Rademarkt Site (Groningen, The Netherlands) is contaminated with
perchloroethylene (PCE) and trichlorethylene (TCE). It concerns an unconfined aquifer with a clay
aquitard at a depth of 9 m. The plume is located at a depth of 6 - 9 m and 150 m long and 30 to 60 m
wide, and has mixed redox conditions, i.e. separate reducing and oxidising zones. Transformation rates of
especially vinylchloride as observed in the field (and in the laboratory) are too slow to prevent migration
of this hazardous compound to areas to be protected. Source remediation and plume interception are
therefore required.

Oil refinery site. At this site in the Rotterdam Harbour area, it is required to manage a plume of the
dissolved fraction of a mineral oil/gasoline contamination (80% of the compounds belong to the C6 - C12
fraction).

Aromatic hydrocarbon (BTEX) sites. At three sites in the north part of the Netherlands, deep anaerobic
aquifers contaminated with Benzene, Toluene, Ethylbenzene or Xylenes (BTEX) have been investigated.
Under the existing sulfate-reducing conditions, the intrinsic biodegradation of toluene and ethylbenzene
could be demonstrated in the field and in microcosm studies. Benzene was shown to be persistent.
Managing the benzene plumes, i.e. by enhanced in-situ bioprocesses, is therefore required.

Chlorinated pesticides site. Hexachlorocyclohexane (HCH) isomers are important pollutants introduced
by the production of lindane (gamma HCH). Natural degradation of all HCH-isomers was demonstrated
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at the site of investigation. Interception of the HCH/Chlorobenzene/benzene plume is needed to protect a
canal located at the boundary of the site.

3. DESCRIPTION OF PROCESS

Chlorinated solvent site. Laboratory experiments identified that a mixture of electron-donors is most
suitable to enhance the in situ reductive dechlorination. In situ full-scale demonstration of enhanced
anaerobic degradation in the source zone designed for complete reductive dechlorination is currently
performed. The same technology is considered to be applied later at the head of the plume in terms of a
treatment zone.

Oil refinery site. Bench scale experiments have been finished and established: i) optimal grain-size and
packing density for the porous media used in the trench, ii) optimal oxygen supply rates to sufficiently
initiate aliphatic hydrocarbon biodegradation and to minimise clogging with iron (III) oxides. Three
different technologies are being tested at pilot scale: two gravel filled reactive trenches with biosparging
units and one biosparging fence, without excavation of the soil. Each pilot application has a length of 40
m, and a depth of 4 meters.

Aromatic hydrocarbon (BTEX) sites. Microcosms were used to investigate possibilities to stimulate
biodegradation of benzene and TEX compounds. Especially, addition of nitrate and low amounts of
oxygen to the anaerobic systems appears to be the appropriate way to create down-stream biostimulated
zones. Pilot demonstration tests are currently performed. One pilot test is a biostimulated zone with
dimensions of 10 to 10 meters.

Chlorinated pesticide site. A bioactivated zone as an alternative to conventional large-scale pump-and-
treat is currently being investigated. Laboratory process research indicated that a combination of
anaerobic-microaerophilic in-situ stimulation in a bioactivated zone is the most feasible approach.
Preparations are being made to incorporate the installation of the biotreatment zone in new building
activities ate the site.

4. RESULTS AND EVALUATION

The status of most projects is that they recently have entered a pilot or a full-scale phase. First
evaluations of technology performance are to be expected at the end of 1999.

5. COSTS

In a separate cost-analyses project, the costs of investment and operation of various bioscreen
configurations (i.e. the funnel-and-gate™, the reactive trench and the biostimulated zone configuration) is
being evaluated for various sites. The results indicate that biotreatment zones are in most cases the
cheapest and most flexible approach, whereas funnel-and-gate" systems and reactive trenches have a cost
level comparable to conventional pump-and-treat. Biotreatment zones have therefore the greatest market
perspective, whereas funnel-and-gate™ systems and reactive trenches can be used when a high degree of
protection is required or when these approaches can be integrated with other building activities planned at
the site.

6. REFERENCES AND BIBLIOGRAPHY
1. Bosma, T. N. P., Van Aalst, M.A., Rijnaarts, H.H.M., Taat, J., & Bovendeur, J. (1997) Intrinsic
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Project No. 6

Rehabilitation of a Site Contaminated by PAH Using Bio-Slurry Technique

Location
Former railroad unloading
area, Northern Sweden

Project Status
Interim

Contaminants
Coal tars, phenols,
cyanides, metals,

Technology Type
Ex situ
bioremediation

ammonium compounds

Technical Contact Project Dates Media
Erik Backlund Accepted 1996 | Soil
Eko Tec AB Final Report 2001

Nésuddsvigen 1o
93221 Skelleftehamn
Sweden

Tel: +46/910-33366
Fax: +46/910-33375
E-mail:
erik.backlund@ebox.tninet.se | NO

Results Available?

Yes

Costs Documented? Project Size

Full-scale (3,000 tons)

Information in this project summary is current as of May 1998.
1. INTRODUCTION

Eko Tec AB is a Swedish environmental engineering company dealing with problems posed by hazardous
wastes, soil, and water pollution. Main clients are the oil industry, Swedish National Oil Stockpile
Agency, and the Swedish State Railways.

In 1995, Eko Tec was contracted for bioslurry remediation of approximately 3,000 tons of creosote-
contaminated soil and ditch sediments from a railway station area in the northern part of Sweden. A
clean-up criterion of 50 ppm total-PAH was decided by the environmental authorities. For the specific
PAH compounds benzo(a)pyrene and benzo(a)anthracene, a cleanup criterion of 10 ppm was decided.

Full-scale treatment has been preceded by bench- and pilot-scale treatability studies carried out at the Eko
Tec treatment plant in Skelleftehamn, Sweden.

2. SITE DESCRIPTION

Not available

3. DESCRIPTION OF THE PROCESSS

3.1 Pretreatment

The contaminated soil was initially treated to reduce volume. Stones and boulders were separated from
the rest of the soil. In the next step, the soil was screened in a 10 mm sieve. Soil with a grain size less than
10 mm was mixed with water and later pumped to wet-screening equipment, in which particles >2 mm
were separated from the process. The remaining soil fraction (<2 mm) was pumped to a 60 m3 slurry-
phase bioreactor for further treatment. The volume of the treated soil fraction (<10 mm) was
approximately 25 m’. Samples were taken from the soil before water was added.

3.2 Slurry-Phase Bioreactor Treatment

Slurry-phase treatment was carried out in a 60 m’ Biodyn reactor. During treatment, the soil/water

mixture was continuously kept in suspension. In order to optimize the degradation rate, an enrichment
culture containing microorganisms that feed on PAH was added to the slurry, together with nutrients and
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soil activators. During the treatment phase, dissolved oxygen, nutrient concentration, temperature, and pH
were monitored continuously.

After 27 days of treatment, the cleanup criteria were met and the slurry-phase treatment process was
closed. The slurry was pumped to a concrete basin where the treated soil was separated from the water by
sedimentation. The waster was stored for reuse in the text treatment batch. The treated soil will be reused
as fill material.

3.3 Monitoring Program

In order to determine the initial PAH concentration, a soil sample was taken from the soil fraction <10
mm. During the wet screening process, a soil sample was taken from the separated soil (<2 mm fraction).
Samples were also taken from the slurry phase during treatment. Soil samples were stored by freezing,
and then sent to the laboratory. The same accredited laboratory was used during the project period.

4. RESULTS

Cleanup criteria were met in 14 days. The initial PAH concentration (total PAH) was 219.9 ppm. Final
concentration after 27 days of treatment was 26.97 ppm, which is well below the cleanup criterion of 50
ppm. PAH compounds benzo(a)pyrene and benzo(a)anthracene were occurring in concentrations below
the cleanup criterion of 10 ppm.

5. COSTS

Not yet available.
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Project No. 7

Risk Assessment for a Diesel-Fuel Contaminated Aquifer Based on
Mass Flow Analysis During Site Remediation

Location Project Status Media Technology Type

Menziken/Studen, Switzerland Final Groundwater In situ
bioremediation

Technical Contact Project Dates Contaminants

Mathias Schluep Accepted 1997 | Petroleum hydrocarbons (diesel fuel,

Frohburgstrasse 184 Final Report 2000 |heating oil)

8057 Zurich Costs Documented? Project Size Results Available?

Switzerland No Yes

Tel: +41-79-540-5557
mathias@schluep.ch

Christoph Munz

BMG Engineering Ltd

Ifangstrasse 11

8057 Schlieren

Switzerland

Tel: +41-1-732-9277

Fax: +41-1-730-6622

E-mail: christoph.munz@bmgeng.ch

Josef Zeyer

Soil Biology

Inst. of Terrestrial Ecology ETHZ
Grabenstrasse 3

8952 Schlieren

Switzerland

Tel: +41-1-633-6044

Fax: +41-1-633-1122

E-mail: zeyer@ito.umw.ethz.ch

Project 7 was completed in 2000.
1. INTRODUCTION

The studies were aimed to give a scientific basis for an evaluation procedure, allowing us to predict the
treatability of a petroleum hydrocarbon (PHC) contaminated site with in situ bioremediation technologies
[1]. This includes the description of the risk development with time and the quantification of the
remediation efficiency by identifying critical mass flows. The focus of the project was set on the
modeling of movement and fate of compounds typically found in non-aqueous phase liquids (NAPLs)
such as PHCs in the subsurface.

2. SITE DESCRIPTION

At the Menziken site [2] the contaminated aquifer was remediated based on the stimulation of indigenous
microbial populations by supplying oxidants and nutrients (biorestoration). Detailed investigations were
made from 1988 until 1995. The engineered in situ bioremediation took place from 1991 - 1995.

At the Studen site [3] no engineered remedial actions were taken. The investigations started in 1993 and

led to a better understanding of the biological processes occurring in the aquifer. It could be shown that
intrinsic bioremediation is a major process in the removal of PHC at this site.
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3. DESCRIPTION OF THE RESEARCH ACTIVITY

PHC contain benzene, toluene, ethylbenzene, and xylenes (BTEX) and polycyclic aromatic hydrocarbons
(PAH), which are regulated hazardous compounds. These substances potentially dissolve into
groundwater in relevant concentrations at petroleum release sites, posing risks to drinking water supplies.
Understanding this process is important, because it provides the basis to perform initial remedial actions
and plan a long term remedial strategy for contaminated sites. Fortunately the dissolved BTEX and PAH
compounds are degradable under various conditions in aquifers. The biodegradation process leads to a
reduction of total mass of PHCs. Therefore the evaluation of the effectiveness of the biodegradation
processes is another key step in applying in situ remediation techniques to reduce risks. These processes
were studied in a laboratory system consisting of the following sequence (Figurel): dissolution of PHCs
into the aqueous phase (section A), anaerobic (section B) and aerobic biodegradation (section C) of the
dissolved compounds.

Figure 1: Experimental setup of the laboratory study on dissolution of diesel fuel compounds into sterile
groundwater (section A) and biodegradation in two laboratory aquifer columns under denitrifying (section
B) and aerobic (section C) conditions

reactor denitrifying column aerobic column
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| |
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| |
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4. RESULTS AND EVALUATION
4.1 Dissolution of NAPL Compounds in a Batch System

The purpose of the first study was to develop a modeling approach for the quantification of mechanisms
affecting the dissolution of NAPLs in the aqueous phase using the slow stirring method (SSM) and thus to
provide a tool for the interpretation of experimental data regarding the interaction between NAPLs and
water [4]. Generally, mass transfer from the NAPL to the aqueous phase increases with the stirring rate.
This can be interpreted as a decrease of the thickness of the aqueous stagnant layer at the water/NAPL
interface across which diffusion occurs. Therefore, the time to reach saturation depends on the mechanical
agitation and the aqueous diffusion coefficient of the chemical. This is only true as long as transport
within the NAPL does not control the overall mass transfer of the different NAPL components. It is
known that NAPL viscosity can influence the dissolution kinetics of PAHs. The phenomenon was
attributed to transport limitation within the NAPL of constituents with high viscosity. Thus, the existence
of a depletion zone in the NAPL phase (which in the SSM is not directly stirred) was postulated.

An analytical model was developed to provide a qualitative understanding for the different processes that
determine the temporal evolution of the combined NAPL/aqueous phase system. For situations were the
employed quantitative approximations are no longer valid a short recipe how the equations can be solved
numerically and without restrictions regarding the relative size of certain terms was presented. The
theoretical framework was validated with experimental data. The experiment was performed by running
section A of the laboratory setup (Figure 8) in batch mode.

With focus on the applicability of the preparation of water soluble fractions in slow stirring batch system
the results can be summarized as follows: Once equilibrium is reached in the system a fraction of a
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compound will be transferred from the NAPL phase into the aqueous phase leading to a lower
concentration in the NAPL phase. Equilibrium concentrations in the aqueous phase therefore will be
lower compared to calculations based on initial concentrations in the NAPL phase. This effect is only
relevant for relatively soluble substances like benzene and in the presence of small NAPL volumes and is
independent of the NAPLs viscosity. The relative diffusivities of the NAPL compounds govern the
dissolution kinetics in terms of mass transfer limitations within the NAPL phase. Thus, in low viscosity
NAPLs, the depletion process is controlled by diffusion within the NAPL layer of relatively soluble
substances like benzene, whereas in high viscosity NAPLs, even the dissolution of relatively insoluble
substances like Naphthalene may be diffusion-limited. With the theoretical framework presented the
mechanisms affecting the dissolution of NAPLSs into the aqueous phase in slow stirring batch systems can
be quantified. The models allow us to predict the errors in equilibrium concentrations and the time frame
to reach saturation.

4.2 Dissolution of NAPL Compounds in a Flow Through System

The objective of the second study was twofold: First the dynamic changes of NAPL-water equilibria as
the soluble compounds deplete from a complex NAPL mixture was studied. Second an easy to use model
based on Raoult’s law to predict such dissolution patterns with respect to time varying NAPL mass and
composition was developed [5].

The experimental setup consisted of a flow through vessel containing deionized water and diesel fuel
(Figure 8, section A). The resulting concentrations in the water were measured in the effluent of the
vessel. The results were compared with the calculated aqueous concentrations based on Raoult's law for
supercooled liquid solubilities. The model considers the dynamic changes of the diesel fuel / water
equilibrium due to continuous depletion of the soluble compounds from diesel fuel.

It could be shown that Raoult's law is valid during dynamic dissolution of aromatic compounds from
complex NAPL mixtures (e.g., diesel fuel) in non-disperse liquid/liquid systems (in this case the SSM).
This is true as long as a significant depletion of substances is observable. At low concentrations in the
NAPL phase non-equilibrium effects probably play a major role in the dissolution behavior, resulting in
underestimation of the aqueous concentration. However deviations at these concentration levels are not
important from a risk point of view. The quality of predictions was improved by considering time varying
NAPL mass. Although the model could be confirmed in an idealized laboratory system, it can not be
applied to complex field situations with the same accuracy. However this study provides a simple method
to assess contaminated sites on an "initial action" basis and supports the planning of long term remedial
strategies at such sites.

4.3 Biodegradation of Dissolved NAPL Compounds

The effluent of the flow through vessel was fed into two columns filled with quartz sand which were
operated in series [6]. The first column was operated under enhanced denitrifying conditions whereas the
second column was operated under aerobic conditions (Figurel, section B and C). The two columns
represent two degradation zones downstream of a contamination plume under different redox conditions
as it is commonly found in contaminated aquifers. As an example of the measured BTEX and PAH
compounds observed benzene and ethylbenzene concentration curves in the effluent of the flow through
reactor (section A), the denitrifying column (section B) and the aerobic column (section C) respectively
are drawn in Figure 2. Degradation under denitrifying conditions only occurred in the case of
ethylbenzene, whereas benzene seems to be persistent to denitrification. The slight decrease of benzene
concentrations in the effluent of the denitrifying column is attributed to small amounts of oxygen intruded
into the system at the beginning of the experiment. Under aerobic conditions benzene and ethylbenzene
were rapidly degraded. Based on these results a mass balance was performed for each compound as well
as for the total amount of diesel constituents after each section of the experimental setup (Figurel) and
compared with the depletion of the electron acceptor. Results indicate that the fate of toxicologically
relevant compounds is predictable by measuring inorganic compounds.
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The development of risk with time was calculated after each section of the experiment (Figurel) using the
corresponding concentrations of the relevant compounds as well as their toxicological properties. The
non-carcinogenic risk (Figure3) as well as the carcinogenic risk (data not shown) is dominated by
benzene, which is depleted from the NAPL rapidly. Since benzene is not readily degraded under
anaerobic conditions the risk is not significantly reduced under these conditions. However, after the
introduction of oxygen as it occurs in the field due to groundwater mixing, the risk is instantly reduced to
acceptable levels.

Figure 2: Benzene and ethylbenzene concentration  Figure 3: Development of the toxicological risk
curves in the effluent of the flow through reactor (hazard index) after the dissolution of single
(section A), the denitrifying column (section B) and compounds from diesel fuel into the aqueous phase
the aerobic column (section C) respectively of the  and after anaerobic and aerobic degradation
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4.4 Correlation with Field Data

Results from the laboratory studies including the mathematical models finally were applied at the field
sites in Studen and Menziken in order to perform a risk assessment [7-9]. Several assumptions to simplify
the complex field situation and to acquire unknown parameters had to be made. This lead to the following
findings:

Using the composition data of diesel fuel or heating oil, the maximal concentrations of toxicologically
relevant compounds expected in the groundwater can be predicted (worst case scenario).

The efficiency of in situ bioremediation techniques can be assessed. With a mass balance calculation of
the inorganic species (oxygen, nitrate, etc.) measured in the Studen groundwater it could be determined
that about 200 kg of PHC were biodegraded within the time frame of 5 years. Comparing this result with
a theoretical calculation based on the mathematical dissolution model it could be shown that the removal
of 200 kg PHC through the dissolution process alone would take about 50 years. This indicates that
biological processes enhance the depletion of PHC, and hence shorten the time for PHC removal from the
subsurface.
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Based on mass flows the duration of a site-remediation can be estimated at the level of single compounds.
Modeling the dissolution and biodegradation processes of the heating oil spill in Studen, we can predict
that aqueous benzene concentrations drop below detection limit and therefore is expected to be depleted
from the NAPL phase after 3 years, ethylbenzene after 30 years, and naphthalene after 130 years. These
results correlate well with concentrations measured in groundwater samples of the five years old spill.
The impact of the remediation process on the risk development can be predicted. The risk in Studen and
Menziken was calculated to have been above acceptable levels during the first two years after the spill
happened. As soon as the more soluble compounds such as benzene are dissolved completely the risk
drops below unacceptable levels. At “older” hazardous sites involving diesel fuel or heating oil spills, the
risk therefore may be already significantly reduced.

5. CONCLUSIONS

The remediation of PHC contaminated sites usually occurs naturally without engineered remediation
activities mainly through the biodegradation of compounds dissolved in the groundwater. Since every site
has its own geochemical and biological characteristic the decision whether additional actions have to be
taken in order to reduce risks for human and the environment has to be made on a site-by-site basis. Using
simple tools such as mass balances and distribution models the applicability and efficiency of in situ
bioremediation technologies at PHC spill sites can be assessed.
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1. INTRODUCTION

When a spill or leakage of a heavy metal/radionuclide contaminant occurs, in situ soil and groundwater
technologies are generally preferred to cope with the contaminants and to prevent their dispersion outside
the site. Barrier wall technologies employ immediate action that restricts the expansion of the
contaminant plume. Thus, this project involves a laboratory-scale investigation of the use of metallurgical
solid wastes and clay minerals as barrier materials to adsorb toxic heavy metals and radionuclides from
water (a fixation or stabilization process) followed by solidification of the metal-loaded mass in a cement-
based block totally resistant to atmospheric weathering and leaching conditions.

2. BACKGROUND

Metals account for much of the contamination found at hazardous waste sites. They are present in the soil
and groundwater (at approximately 65% of U.S. Superfund sites) coming from various metal processing
industrial effluents. Turkey also has metal (Pb, Cd, Cu, Cr, U, etc.) contaminated sites due to effluents
predominantly from battery, electroplating, metal finishing, and leather tanning industries, and mining
operations.

Cesium-137 and strontium-90, with half-lives of 30 and 28 years, respectively, pose significant threats to
the environment as a result of fallout mainly from power plant accidents. In Turkey, 137Cs became a
matter of public concern after the Chernobyl accident, especially contaminating the tea plant harvested in
the Black Sea Coast of the country. On the other hand, milk products and other biological materials
containing Ca were extensively investigated for possible 90Sr contamination. Land burial of low-level
radioactive wastes also pose a contamination risk to groundwater.

Physical/chemical treatment processes specific to metals/radionuclides include chemical precipitation, ion
exchange, electrokinetic technologies, soil washing, sludge leaching, membrane processes, and common
adsorption. When adsorption is employed, there is an increasing trend toward substitution of pure
adsorbents (e.g., activated carbon, alumina, and other hydrated oxides) with natural by-products, soil
minerals or stabilized solid waste materials (e.g., bauxite waste red muds and fly ashes). These substances
also serve as barrier material for passive wall technologies utilized around a heavy metal spill site or
shallow-land burial facility of low-level radioactive wastes. Once these contaminants are stabilized within
barrier walls, it is also desirable to fix them in an environmentally safe form by performing in situ
stabilization/solidification by way of adding cement—and pozzolans if necessary—to obtain a durable
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concrete mass. The host matrix for metals and radionuclides, i.e., red muds, fly ashes, and clay minerals,
may serve as inexpensive pozzolanic binders to be used along with cement for solidification.

The aim of this Pilot Study project is to develop unconventional cost-effective sorbents for basically
irreversible fixation of heavy metals/radionuclides; these sorbents should show high capacities and fast
retention kinetics for the so-called contaminants. The determination of conditions affecting
stabilization/solidification of the loaded sorbents by adding pozzolans and cement is also aimed.
Durability and leachability of the final concrete blocks have to be tested. Modeling of sorption of heavy
metals/radionuclides onto the tested materials has to be made in order to extend the gained knowledge to
unforeseen cases. Finally a reasonable unification of in situ physical/chemical treatment technologies
applicable to a spill/leakage site will be accomplished.

3. TECHNICAL CONCEPT

The effect of various parameters (sorbent grain size, pH, time of contact, contaminant concentration,
metal speciation, etc.) affecting the adsorption/desorption behavior of the selected heavy metals onto/from
the sorbents has been investigated. The sorption capacity (batchwise and dynamic column capacities) and
leachability of the sorbents in terms of heavy metals/radionuclides have been estimated by the aid of
batch contact, column elution and standard leaching (simulating groundwater conditions) tests. Possible
interferents (e.g., inert electrolytes as neutral salts) have been incorporated in the synthetic contaminant
solutions so as to observe any incomplete adsorption or migration of contaminants that may occur under
actual field conditions. The sorption data have been analyzed and fitted to linearized adsorption
isotherms. New mathematical models have been developed to interpret equilibrium adsorption data with
simple polynomial equations.

Red muds and fly ashes, after being loaded to saturation with Pb(II), Cd(II) and Cu(II), were solidified to
concrete blocks that should not pose a risk to the environment. The setting and hardening characteristics
of mortars, as well as the flexural and mechanical strengths of the solidified specimens, were optimized
with respect to the dosage of natural and metal-loaded solid wastes. Extended metal leaching tests were
carried out on the solidified samples.

These treatment steps actually serve the perspective of unification of seemingly separate
physical/chemical technologies for the removal of heavy metals/radionuclides in environmentally safe
forms. The developed barrier materials in a way resemble iron hydroxides and oxyhydroxides that are
currently developed from low-cost iron waste streams by DuPont (Hapka, 1995). In the meantime,
although not directly fitting with the project title, the usage of iron fillings as potential barrier material has
been tested for the management of textile dyeing wastes, e.g., as a restricting agent for an uncontrolled
expanding plume from a permeable storage lagoon or pond where textile wastes are collected.

4. ANALYTICAL APPROACH

The metallurgical solid wastes used as sorbents were supplied from Turkish aluminium and thermal (coal-
fired) power plants, and characterized by both wet chemical and X-ray (diffraction and fluorescence)
analysis. They were subjected to chemical treatment (water and acid washing) for stabilization, and
classified with respect to size when necessary. Their surface areas were determined by BET/N, surface
area analysis, and their surface acidity constants (pK,) by potentiometric titration.

After equilibrating the sorbents with the metal solutions, all metal determinations in the centrifugates
were made with flame atomic absorption spectrometry (AAS) using a Varian SpectrAA FS-220
instrument. The beta activities of the Cs-137 and Sr-90 radioisotope containing centrifugates were
counted by an ERD Mullard Geiger Muller tube type MX 123 system with halogen extinction. The batch
and dynamic adsorption and desorption tests were carried out in thermostatic shakers and standard Pyrex
glass columns, respectively.
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A mortar-mixing mechanical apparatus, ASTM Vicat apparatus, steel specimen moulds (4x4x16 cm?),
tamping-vibrating apparatus, and testing equipment for flexural and compressive strength tests were used
for following the solidification process and the mechanical strength of the final concrete blocks.

The textile dyes used for modeling textile wastes were analyzed by UV/visible spectrophotometry.

The adsorption isotherms conforming to Langmuir, Freundlich, B.E.T. and Frumkin isotherm equations
were evaluated by linear regression and non-linear curve fitting of experimental data.

5. RESULTS

The distribution coefficients of metals (as log Kp) between the solid (red mud, fly ash, etc.) and solution
phases varied between 1-3 and showed a gradual decrease with increasing equilibrium concentration of
the metal remaining in solution.

The Langmuir saturation capacities of the sorbents (in the units of mg metal per g sorbent as red mud-fly
ash, in this order) for the metals averaged at approximately 50-200 mg Cd.g—1, 40-100 mg Cu.g—1, and
100-350 mg Pb.g—1.

The adsorption isotherms were somewhat S-shaped B.E.T. type isotherms showing layered sorption at the
natural pH of equilibration, but saturation of the sorbent was attained at a definite concentration enabling
an approximated Langmuir evaluation of equilibrium data in operational sense.

The order of hydrolysable divalent metal cation retention on the selected sorbents was as follows in terms
of molar saturation capacities: Cu > Pb > Cd for fly ashes and Cu > Cd > Pb for red muds. The degree of
insolubility of the metal hydroxides approximately followed the same order. The simulation of CO,-
injected groundwater conditions were achieved by saturated aqueous CO, (pH 4.8) and carbonic
acid/bicarbonate buffer (pH 7.0) solutions. The heavy metals (Cu, Pb, Cd) retained on the sorbents were
not leached out by these carbonated leachant solutions.

Heavy metal adsorption onto red muds, either as free metal ion or in chelated metal-EDTA forms, has
been effectively modeled for (M+M-EDTA) mixtures. The adsorption data could be theoretically
generated by using simple quadratic equations in terms of covalently- and ionically- adsorbed metal
concentrations in the sorbent phase, once the total metal concentration prior to equilibration and final
solution pH were known.

As for solidification of the metal-loaded solid wastes, when these loaded wastes were added up to 20% by
mass to Portland cement-based formulations, the fixed metals did not leach out from the solidified
concrete blocks over extended periods, with the exception of Cu(Il), which reached a concentration of 0.4
ppm after 8 months in a water leachate of pH 8-9. 2% setting accelerator Ca3(PO,)* added improved
formulations could bear only 10% of lead-loaded fly ash, while this tolerance could be raised to 20% fly
ash by incorporating (3% Caz(PO4),+1% CaCl,) mixed additive.

The studied radionuclides did not show a significant temperature dependency in adsorption. Especially
radiostrontium retention increased with pH. These observations are in accord with ion exchange
mechanism of sorption. Radiocesium adsorption is maximal around neutral pH, which is specific for most
natural waters.

Of the textile dyes tested, acid blue and acid yellow showed 75-90% and 60-80% removal, respectively,

when passed through a granular iron bed at an initial concentration of 10-100 ppm dye containing 0.10 M
HCl in solution.
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6. HEALTH AND SAFETY

The primary components of the unconventional sorbent suspensions, i.e., red muds and fly ashes
containing Fe,0;, Al,O;, SiO,, TiO,, and some aluminosilicates, to be used as barrier material are
essentially non-toxic. The tested heavy metals, either as free ions or in chelated forms, i.e., Cd**, Pb*"
(and partly Cu*") and Cd-EDTA®", Pb-EDTA”, Cu-EDTA?", were toxic, so care should be exercised
especially in solidification/ stabilization processes using the heavy metal-loaded sorbents in dry form
where small particles could be inhaled by workers. Also working with radionuclide solutions, even in
very dilute forms, needs special pipettes and glassware to be used under a hood on a stainless steel
workbench, and special laboratory practice with workers wearing radiation dosimeters. All waste
solutions, even at very low-level activity, should be properly collected and submitted to the nuclear
energy authority for waste storage and stabilization.

7. ENVIRONMENTAL IMPACTS

Prior acid or water leaching of the sorbents before adsorption experiments did not effectively increase the
specific surface area or chemical adsorption power of these sorbents, but rather these sorbents were
stabilized so as not to leach out any micropollutants to water at the time of heavy metal adsorption. It is
also indicated in literature that iron oxyhydroxide based grouts as barrier material can be made from low
cost industrial by-products, which should be tested for safety and effectiveness on a case-by-case basis
(Hapka et al., 1995). Thus these criteria should be judged for red muds and fly ashes.

Stabilization/solidification of the metal-loaded solid wastes puts these wastes and incorporated toxic
metals into environmentally safe (mechanically strong, durable and unleachable) forms. The matrix
disrupting effect of Pb was eliminated by using relatively small amounts of sodium aluminate or calcium
phosphate to improve the setting, hardening and mechanical properties of the final concrete blocks. It was
environmentally safe to observe that the matrix-held metals (either as a result of irreversible adsorption or
solidification) did not leach out by carbonate or carbonic acid solutions ensuring the chemical stability of
these solid wastes under changing groundwater conditions.

8. COSTS

Because iron-based grouts (without relatively expensive additives such as citric acid, urea, and urease)
can be prepared from inexpensive by-products, the primary costs involved come from transportation and
additives (Jet grouted, 25% grout) roughly around 50 USD per m” for 1m thick wall, i.e., or 50 USD for 1
cubic meter. The overall cost data have not yet been obtained.

9. CONCLUSIONS

In investigation of the possibility of usage of metallurgical solid wastes as cost-effective sorbents in
heavy metal (Pb, Cu, Cd) and radionuclide (Cs-137 and Sr-90) removal from contaminated water, red
muds and especially fly ashes have been shown to exhibit a high capacity. Extensive modeling of heavy
metal sorption—either as free metal ions or in the form of EDTA-chelates—has been performed by
simple quadratic equations in terms of the retained metal concentration in the sorbent phase. These
modeling efforts enable the prediction of heavy metal adsorption in different media over a wide pH and
concentration range. The developed iron- and aluminum-oxide based sorbents may be used as barrier
material as cost-effective grout for the prevention of expansion of a heavy metal contaminant plume.

Heavy metal-loaded solid wastes have been effectively solidified by adding cement, sand, and water. The
setting and mechanical properties of concrete specimens obtained by optimal dosage of waste addition

were satisfactory. The fixed heavy metals did not leach out appreciably into water over extended periods.

The usage of iron fillings as potential barrier material has been successfully tested for the management of
textile dyeing wastes, i.e., acid blue and acid yellow.
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A unified passive technological process for the in situ sorption of heavy metals, radionuclides, and textile
wastes using iron oxide-, alumina- and silica-based metallurgical solid wastes functioning as barrier
material in conjunction with granular metallic iron is on the way of development. The presumed process
is planned to be finished with in situ stabilization/solidification.
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1. INTRODUCTION

Solidification and stabilization are treatment processes designed to either improve waste handling and
physical characteristics, decrease surface area across which pollutants can transfer or leach, or limit the
solubility or to detoxify the hazardous constituents (EPA, 1982). They also refer to techniques that
attempt to prevent migration of contaminated material into the environment by forming a solid mass.

Although solidification and stabilization are two terms used together, they have different meanings.
Solidification refers to techniques that encapsulate the waste in a monolithic solid of integrity. The
encapsulation may be of fine waste particles (microencapsulation) or of a large block or container of
wastes (macroencapsulation). Solidification does not necessarily involve a chemical interaction between
the wastes and the solidifying reagents, but may mechanically bind the waste into the monolith.
Contaminant migration is restricted by vastly decreasing the surface area exposed to leaching and/or by
isolating the wastes within an impervious capsule. Stabilization refers to techniques that reduce the hazard
potential of a waste by converting the contaminants into their least soluble, mobile, or toxic form. The
physical nature and handling characteristics of the waste are not necessarily changed by stabilization
(Conner and Hoeffner, 1998).In practice, many commercial systems and applications involve a
combination of stabilization and solidification processes. Solidification follows stabilization to reduce
exposure of the stabilized material to the environment through, for example, formation of a monolithic
mass of low permeability (Smith, 1998). This project focuses on investigating the effectiveness of
solidification/stabilization (S/S) technology by conducting bench scale treatability tests with contaminated
soils and various types of hazardous waste materials. The major objectives of the project are (i) to
investigate the effectiveness and reliability of the S/S technology for the safe disposal of hazardous
wastes containing metal and organic contaminants, and (i) to determine the appropriate technical criteria
for applications based on the type and composition of hazardous wastes

2. BACKGROUND

With the enforcement of the Hazardous Wastes Control Regulation in August 1995, the direct or indirect
release of hazardous wastes into the receiving environment in such a manner that can be harmful to
human health and the environment is banned in Turkey. The main purpose of the regulation is to provide
a legal and technical framework for the management of hazardous wastes throughout the nation. In this
regard, the regulation is applicable not only to hazardous wastes to be generated in the future, but also
concerns with the existing hazardous wastes and their safe disposal in compliance with the current
regulation. The S/S technology is recognized by the Turkish Hazardous Wastes Control Regulation
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(THWCR) as a promising new emerging technology for the safe disposal of hazardous wastes. This
recognition by the regulation plays a major role for the initiation of this project.

3. TECHNICAL CONCEPT

The following technical criteria is considered for the evaluation of the effectiveness of the S/S technology
for the safe disposal of hazardous wastes containing metal and organic contaminants: (i) determining the
mobility of contaminants in the waste via conducting leaching and permeability tests on
solidified/stabilized samples; and (i) determining the strength of solidified samples against deformation
and deterioration via conducting unconfined compressive strength tests on solidified samples.

In this study, for metals a residue material from gold mining, for organics PCB contaminated soil and
AOX containing sludge and wastewater from pulp and paper industry were used. Although mining waste
has relatively high heavy metal content, use of mining waste with very high metal content was considered
to serve better for the purpose of assessing the performance of S/S technology. Concentrated mining
waste was obtained by the addition of heavy metal salts of chromium nitrate, cadmium nitrate, lead
nitrate, copper sulfate and zinc sulfate. Water content of wastewater sludge was initially very high; thus it
was dried in an oven at 60°C to remove water and then ground into powder before S/S process. Initial
analysis of the PCB-contaminated soil showed that it did not contain significant quantities of PCBs.
Therefore, transformer oil containing PCBs was added to the soil at the rate of 5 ml of oil to 100 grams of
soil, which yielded oil concentration of 43000 ppm in the soil. Particle size distribution of the soil was
approximately 33% silt, 60% sand and 7% gravel and soil was classified as “silty-sand”.

For solidification of waste and encapsulation of contaminants, portland cement as a binding agent was
mixed with waste materials at different ratios. This ratio was determined based on particle size
distribution of waste materials. In general, as the fraction of fine particles in the waste increases the
amount of portland cement to be used decreases. On the other hand, as the fraction of coarse particles in
the waste increases, the strength of solidified waste against deformation increases at the same ratio of
portland cement and waste material mixture. Waste material and portland cement mixing ratios were
determined considering these general facts. For mining residue, two samples representing fine, and coarse
particle size distribution were prepared. In order to prepare the coarse particle size distribution, sand was
added to the waste. The mixing ratio of sand to waste + cement + moisture was 1:1. For each waste
material representing a given particle size distribution class, two different portland cement mixing ratio
was used. The objectives were to determine the effects of binding agent ratio and particle size distribution
of waste material on S/S process and the metal retention efficiency of portland cement as a binding agent.
Mixing ratios for different waste groups are given in Tablel.

Table 1: Waste material and portland cement mixing ratios

Waste Material Cement Addition
(% by weight)
Waste material from gold mining (fine texture) 10 and 20 %
Waste material from gold mining (coarse texture) 10 and 20 %
Wastewater from pulp and paper industry 83 and 88 %
Sludge from treatment of pulp and paper industry wastewater | 30 and 50 %
PCB-contaminated soil 20 and 35 %

4. ANALYTICAL APPROACH

Prior to S/S process, physical and rheological characteristics of waste materials were determined. For
mining waste and PCB-contaminated soil, maximum dry density, optimum moisture content, Atterberg
limits, specific gravity and particle size distribution were determined. For AOX containing sludge, only
maximum dry density and optimum moisture content were determined. Particle size distributions of
mining waste and PCB-contaminated soil were determined using hydrometer and sieving methods,
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respectively. Standard Proctor Compaction Test was performed to determine maximum dry density and
optimum moisture content. In order to test ability of solidified/stabilized waste samples to withstand
overburden loads, unconfined compressive strength tests were performed on samples using Compression
Test Equipment. Hydraulic conductivity of solidified/stabilized waste samples was measured using a
flexible wall permeameter under a hydraulic gradient of 113.

All waste and cement mixtures were prepared by adding optimum moisture content and then compacted
to corresponding maximum dry density in cylindrical molds having a height of 71 mm and a diameter of
36 mm. After compaction, cylindrical samples were removed from the molds and placed in a 95 %
humidity room for 28 day-curing. At the end of the 28-day cure period, duplicate samples of
solidified/stabilized waste were used for strength and hydraulic conductivity tests. Prior to the
performance of leaching tests, solidified samples were crushed and passed through sieves for fractionation
to aggregate sizes between 1-2 mm and >2 mm. Then, duplicates of crashed waste samples from each
aggregate size fraction were subjected to leaching test. Based on the physical tests and chemical
compositions of leachate obtained from leaching tests, the effectiveness of S/S in terms of contaminant
encapsulation was assessed for each waste type and cement ratio combination.

The level of effectiveness of S/S process in terms of reducing contaminant mobility is evaluated through
hydraulic conductivity and leaching tests. In this study, as leaching test Toxicity Characteristic Leaching
Procedure (TCLP) of the U.S. Environmental Protection Agency (U. S. EPA) and Distilled Water
Leaching Procedure (DWLP) of THWCR were used. TCLP and DWLP were applied using 2 and 3
grams of duplicate waste samples from each aggregate size fraction, between 1-2 mm and >2 mm.

Prior S/S process, initial metal composition of mining waste and portland cement were determined by
acid (HNO;-HF) digestion method (Infante and Acosta, 1988). The leachate of solidified waste samples
obtained from TCLP were analysed for various metals (Cr2+, Zn®", Pb*", Cd*, Ni**, Cu?, Ca™, Mg2+, Na',
and K) and anions (CI",SO,, CO;> and PO4") using standard methods (AWWA-APHA, 1989). For the
analyses of metals, except for sodium and potassium, Flame Atomic Absorption Spectrophotometer was
used; analyses of sodium and potassium were carried out by Flame Photometer. Sulfate and phosphate
were measured by spectrophotometer. The measurement of sulfate was based on turbidimetric method.
For the measurement of phosphate, ascorbic acid method was used. Chloride and carbonate analyses were
based on titrimetric methods. AOX analyses were done based on German DIN-3849 method using
Euroglas BV microcoulometer equipment. Measurement of PCB was based on microwave-assisted
solvent extraction method 3546 and gas chromatography method 8080 of EPA SW-846.

5. RESULTS
5.1 Mining Waste
A. Chemical Analyses for Waste-Cement Mixtures

Prior to 28-day cure period, initial metal composition of the mining waste was determined. Because
portland cement, as binding agent, was mixed with waste material, metal composition of portland cement
was also determined to see any contribution to the metal content of waste. The results of total metal
compositions of mining waste material and portland cement are given in Table 2. As seen in the table,
main constituents of portland cement used in this study were calcium, magnesium, aluminium and iron as
expected. Initial total metal analyses of mining waste material showed that heavy metal (Cd, Cr, Cu, Pb,
and Zn) concentrations were relatively high except for cadmium.
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Table 2: Metal Compositions of Portland Cement and Mining Waste Material Before (Initial) and A fter
(Final) Metal Salt Addition

Metals Portland Cement Waste (Initial) Waste (Final)
(mg/kg) (mg/kg) (mg/kg)
Cd BDL? 40 970
Cu 30 2410 3640
Cr 500 350 2410
Pb BDL 3480 4380
Zn 40 2380 3760
Fe 15630 29700 32210
Al 29070 30890 30090
Ca 276310 440 640
Mg 8240 1150 1570

*BDL: Below detection limit (for Cd, 0.05 mg/l)

Table 3 provides an overview of various cleanup goals based on total metal concentrations. If these values
are exceeded, the soil or waste will be classified as “contaminated”. Therefore, initial total metal
concentrations of mining waste should be much higher than these standards in order to be classified as
hazardous. Upon comparing these cleanup values (Table 3) with Table 2, it can be seen that initial total
metal concentrations of mining waste do not exceed cleanup goals much except for copper and lead. In
order to assess the performance of S/S technology effectively, presence of much higher heavy metal
concentrations in the mining waste may serve better for the purpose.

To increase metal concentration levels, solutions of nitrate or sulfate salts of five heavy metals (Cd, Cr,
Cu, Pb, and Zn) were added to the mining waste. The added salts were chromium nitrate, cadmium
nitrate, lead nitrate, copper sulfate and zinc sulfate. Final metal composition of mining waste material is
given in Table 2. By the addition of metal salts, metal concentrations in the waste reached the desired
high levels and original concentrations for each metal, except for Cr, increased approximately by 1000
mg/kg. The low Cr concentration may result form non-homogeneous mixing of the waste material and
metal salts.

Table 3: Various Cleanup Goals for Total Metals

Total Metal Cleanup Cd Cr Pb Cu Zn
Goals (mg/kg) | (mg/kg) (mg/kg) (mg/kg) | (mg/kg)
Superfund Site Goals 3t020 |[6.7t0375 |200to500 |-° -7
From Technical Resource

Document

California Total 100 500 1000 - -
Threshold Limit

Concentration

Louisiana Cleanup 20 100 100 1500 2800
Standards For

Contaminated Soil

* not specified among the goals

In addition to the initial metal compositions of mining waste material and portland cement, total metal
analyses of samples of waste-cement mixtures at the end of 28-day cure period were performed. The
purpose was to obtain the chemical composition of these waste samples before leaching tests. The results
are given in Table 4. As seen from the table, metal concentrations of coarse waste samples were diluted
due to addition of sand, which shifted the texture of waste from silt (fine) to sand (coarse). Moreover,
since coarse waste mixed with 20% portland cement contained less original waste compared to the one
mixed with 10% portland cement, total metal concentrations were the lowest in coarse textured waste
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containing 20% portland cement. All waste samples also have very high concentrations of Fe, Al, Ca and
Mg due to high concentrations of these metals in the portland cement.

Table 4: Chemical composition of fine and coarse mining waste and cement mixtures

Metals 10% cement 10% cement 20% cement 20% cement
Fine Coarse Fine Coarse
(mg/kg) (mg/kg) (mg/kg) (mg/kg)
€)) 2 3) “4) Q)
Cd 1250 850 1000 750
Cu 3330 1690 2550 1250
Cr 3060 1920 2140 1770
Pb 3090 1420 2320 1210
Zn 1900 1350 1990 1050
Fe 13500 10470 13310 8780
Al 26130 11170 24360 8250
Ca 7830 15540 17720 19400
Mg 1710 3100 2490 1560
K 21550 9950 12950 9000
Na 27780 7150 20000 21000

B. Physical Analyses

Prior to S/S, some physical characteristics, such as Atterberg limits, maximum dry density, optimum
moisture content, specific gravity and particle size distribution of mining waste and cement mixtures were
determined. Among these, values of optimum moisture content and corresponding maximum dry density
were used to determine for each case the volume of water to be added to waste-cement mixture and the
mass at which waste-cement mixture to be compacted. Results are given in Table 5. As seen from the
table, coarse textured waste-cement mixtures have higher dry densities and corresponding low optimum
moisture contents. Soil classification of the samples in Table 5 was made based on their plasticity index
and particle size distribution. Addition of sand to waste-cement mixture changed soil classification of fine
waste samples from ML (silt-low plasticity) to SM (silty sands) and decreased liquid limit values of
coarse waste-cement mixtures.

C. TCLP Leaching Tests

TCLP provides a measure of metal concentration that leach from the solid phase of a waste sample when
extracted in an acetic acid solution. It is designed to simulate leaching conditions to which a waste
disposed in a landfill may be exposed (Pritts et al., 1999). Therefore, one of the most important technical
criteria for testing the effectiveness of S/S process is the quality of TCLP leachate. At the end of 28-day
cure period, TCLP was applied and leachate obtained for each waste group (fine and coarse waste, 10%
and 20% cement; crashed solidified sample aggregate size between 1-2 mm and > 2mm) was analyzed for
heavy metals and some ions. The results of these analyses are given in Table 6. In general, at the same
cement ratio, fine waste samples produced leachate having lower metal concentrations than coarse waste
samples. Therefore, when initial waste characterization is taken into consideration, waste samples having
finer textures will result in better S/S process. Despite slight difference between initial metal
compositions of cement-waste mixtures, increasing cement ratio from 10% to 20% did not have any
considerable effect on metal concentrations in the leachate of the same fine or coarse textured waste.
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Table 5: Physical characteristics of fine and coarse mining waste and cement mixtures

Characteristics 10% cement | 20% cement 10% cement 20% cement
Fine Fine Coarse Coarse

€Y (2) 3) “4) (5)

Pry density (gecm’ 1.77 1.78 2 2

)

Optimum 15 17 10 11

moisture content

(%)

Liquid limit (%) 28 28 22 22

Plastic limit (%) 18 20 17 16

Plasticity index 10 8 5 6

(%)

Soil classification | ML (silt-low | ML(silt-low SM (silty sands) | SM(silty sands)
plasticity) plasticity)

Specific gravity 2.72 2.73 2.67 2.75

Particle size 18% clay 22% clay 12% clay 13% clay

distribution 55% silt 52% silt 29% silt 29% silt
27% sand 26% sand 59% sand 58% sand

Table 6: The chemical compositions of TCLP and DWLP leachates obtained from mining waste
solidified at different cement ratios

10% cement, fine 20% cement, fine 10% cement, coarse 20% cement, coarse
Tons 1-2 mm >2 mm 1-2 mm >2 mm 1-2 mm >2 mm 1-2 mm >2 mm

TCLP|DWLP|TCLP |[DWLP|TCLP|DWLP|TCLP|DWLP|TCLP|DWLP|TCLP|DWLP|TCLP |DWLP|TCLP|DWLP

mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L
Cd 1.85] 0.23| 3.89| ND]| 0.47| 0.12| 0.58| 0.08| 2.0 0.29| 2.41| 0.13] 0.73| 0.16/ 0.19| 0.12
Cu 0.31] ND| 0.44| ND]| 0.41| 0.12] 0.38| 0.07| 0.92| 0.51| 0.68| 0.27| 0.91] 0.51| 0.29| 0.22
Cr 0.37] ND| ND| ND]| 0.59[ 0.55] 0.58| 0.59| 1.71] 0.60| 0.76{ 0.19| 2.22| 1.03| 0.95| 0.68
Pb 0.39] ND| 0.23] ND]| 0.58| 0.45| 0.48| 0.39| 1.12] 0.51] 0.76/ 0.35| 1.38| 0.55| 0.22| 0.13
Zn 0.71] 0.24| 1.85| 0.31| 0.5 0.07] 0.35| 0.02| 0.96] 0.33| 1.04| 0.15] 0.77| 0.24| 0.17| 0.05
Fe ND| ND| ND| ND| 1.94] 0.84| 1.09( 0.51] 3.69| 3.08| 2.2| 0.70| 2.35| 2.18] 0.78| 0.62
Al ND| ND| ND| ND| ND| ND| ND| ND| ND| ND| ND| ND| ND| ND| ND| ND
Ca 94.6|83.39| 93.5|80.83(172.1/114.5|1161.3[{117.5| 288|162.1{286.6/170.4|218.4|144.2|1215.4{136.7
Mg 17| 6.31118.31| 4.95|21.98| 4.25|23.63| 6.35| 30.7| 8.31{29.25| 8.76| 3.16/0.227| 5.73| 0.36
K 58 19| 30.5 19| 45.5 19] 43 19| 21.5 20 21.5 20 20| 11.5(19.75| 12.5
Na [152.2 36| 385 28(760.7) 7.7(773.7] 6.45| 266[10.35| 260| 8.4 995| 19.3] 1001| 25.6
SO, [149.9| 76.5|143.8| 78.1| 36.7| 4.47|26.96| 16.3]53.58| 8.77|66.29 0117.12| 4.6[19.63| 2.3
PO, | 0.31(25.02| 0.58] 8.94| 0.88 0] 1.12 0] 1.44 0 0 0| 2.14| 2.2| 0.08| 4.57
CIr 1501274.9(208.31224.91495.3(574.8|482.9|524.8/386.4|418.9|623.8/468.9|1605.3|320.9(555.3|220.9
CO;>| 1854| 4320( 1320| 1440| 1110{ 2370 300| 4020| 2940| 1350| 1500| 630 495 780| 735| 150

ND: Concentration is below the detection limit (for Cd, 0.05 mg/l; Cu, 0.05 mg/l; Cr 0.1 mg/l; Pb 0.1 mg/l; Fe, 0.5 mg/l and Al, 5 mg/l)

For metals, the U.S. EPA defines toxicity characteristic limits based on metal concentrations measured in
the TCLP leachates (U. S. EPA, 1997). These toxicity characteristic limits, which are given in Table 7 for
metals studied in this work, mean that wastes containing metal concentrations in their TCLP extract
exceed the listed concentrations are considered to be characteristically hazardous and said to have the
toxicity characteristic. When the results of TCLP in Table 6 were compared with EPA toxicity
characteristic limits, given in Table 7, it is observed that only Cd concentrations in the leachates of fine
and coarse waste samples mixed with 10% cement exceeded the regulated level. All the other metal
concentrations in the leachate were much lower than these regulated levels. This higher Cd concentration
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in TCLP leachate of 10% cement-waste samples may be due to somewhat lower leachate pH, which was
around 6, of 10% cement-waste samples. This slightly acidic leachate condition probably caused
dissolution of Cd, for which lower pH limit to precipitate is 6.8 (Table 7), and thus prevented its
precipitation within the cement matrix. Results of Cioffi et al. (1998) support this observation by stating
that cadmium is retained within the matrix provided that pH does not drop to the acid range. Overall, from
a regulatory perspective leachate quality indicates that S/S process is effective for all (fine and coarse
textured wastes mixed with 10% and 20% cement) cases of the mining waste.

Table 7: The pH range for the quantitative precipitation and U.S. EPA toxicity characteristic limits of
metals

U.S. EPA toxicity characteristic limits

Metals pH range for precipitation (mg/L)

€)) 2 3

Cd 6.8-12.0 1.0
Cr 5.4-10.0 5.0
Cu 5.4-12.0 130.0
Fe 2.3-12.0 30.0
Pb 6.0-9.0 5.0
Zn 5.3-9.0 500.0

For heavy metals, pH dependent precipitation reactions (i.e., hydroxides, carbonates, sulfates) are often an
important stabilization mechanism. The pH of TCLP extraction fluid used for the mining waste was
around 4.93, but after shaking fractionated solidified waste samples together with the extraction fluid, the
final pH of TCLP leachates were within the range of 6.05 and 6.80. The pH of the extraction fluid, as
expected, affected the final pH of leachates and also the alkalinity present in the cement leads to higher
leachate pH values. Table 7 gives the pH range for the precipitation of heavy metals cadmium, chromium,
lead, copper, iron, and zinc considered in this study (Porteus, 1985). At high pH, many metals reach their
lowest solubility and precipitate as their respective insoluble hydroxides, carbonates, phosphates and etc.
(LaGrega, 1994). Moreover, major aqueous components of cement such as Na', K*, Ca**, Mg”>", OH™ and
SO,” are potentially available ions to react with wastes and make insoluble precipitates of heavy metals
(Glasser, 1997). Most of the metals in the mining waste are converted to insoluble precipitates during S/S
process within the observed final pH range of TCLP leachates and are subsequently trapped within the
pores of cement matrix.

With regard to aggregate size effect, results in Table 6 showed that crashing the solidified samples into
aggregate size classes 1-2 mm and >2 mm did not affect the metal concentrations in the TCLP leachate.
Increase in the leachate concentration with the decrease in the aggregate size was observed only for
coarse waste sample with 20 % cement addition. Wiebusch ef al. (1998) investigated much larger
aggregate size classes (20-50 mm, 2-20 mm and <2 mm) obtained from solidified fly ash and found that
leachate concentrations of heavy metals in samples with aggregate size <2 mm were 2.5 times greater
than those in samples with aggregate size in the range of 20-50 mm.

Following TCLP extractions, percentages of metals retained in the solidified/stabilized mining waste were
calculated to determine the amount of metals released into the leachate and in turn, to assess the
effectiveness of S/S process. The following formula was used to calculate the retention efficiency, i.e.,
percent retention (% RT):

M=V )(Cp)

My
where M7 is the total initial mass of a given metal in the waste-cement mixture, mg; V; is the volume of
leachate, L; and Cj is the concentration of metal in the leachate, mg/L. For example, 2R T=90 means that
10% of the metal initially present in the waste-cement mixture transferred into the leachate while 90% of

x100

%RT =
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the metal still remained in the solidified waste. Thus, high values of %RT imply high degree effectiveness
of S/S process. Values of %RT calculated for TCLP and DWLP are given in Table 8 and 9, respectively.
According to these tables, S/S applications for all cases resulted in high degree of effectiveness. Although
fine waste samples mixed with 10% cement had initially the highest metal concentrations among the
others, the effectiveness of S/S was also high for this case. In general, the finer the waste texture and
higher the cement ratio, the higher the value of %R7 and greater the effectiveness of S/S process. Despite
very high %RT values (>94%) for all metals, Cd concentration in TCLP leachate of 10% cement-waste
mixture exceeded the U. S. EPA regulatory limit when initial Cd concentration in the waste is high (> 850
mg/kg).

D. Unconfined Compressive Strength and Hydraulic Conductivity Tests

In addition to leaching tests conducted to determine the amount of contaminant that can be leached from
the solidified wastes, the effectiveness of S/S process can also be assessed by testing the unconfined
compressive strength and hydraulic conductivity of solidified/stabilized samples (Porteous, 1985). These
tests have been adopted in order to evaluate the physical integrity and engineering properties of solidified
and stabilized product in actual field conditions (Lagrega et al., 1994). Unconfined compressive strength
and hydraulic conductivity tests were performed on duplicate cylindrical solidified samples of each
treatment at the end of 28 days-cure period. These results are given in Table 10.

Table 10: Unconfined compressive strength (q,) and hydraulic conductivity (K) values for mining waste
samples solidified at different cement ratios

Property 10% Cement, 20% Cement, 10% Cement, 20% Cement,
Fine Fine Coarse Coarse

€)) 2 3 4) Q)

Ju, kPa 1153.46 2520.4 1019 3250

K, m/s 2.1x 107 1.09 x 10° 1.84x 10° 1.04 x 10°

Solidified and stabilized wastes must have adequate strength to be able to support the loads of materials
placed over them. In general for any given S/S agent, the stronger the solidified waste, the more effective
S/S process (LaGrega et al., 1994). In this study, results of both fine and coarse textured wastes showed
that unconfined compressive strength also increases with increasing cement ratio in the waste. The U.S.
EPA defines a minimum unconfined compressive strength value of 350 kPa for the disposal of solidified
hazardous wastes in landfills (U. S. EPA, 1992). Unconfined compressive strength values measured for
all treatments considered in this study are well above this limiting value. Therefore, these solidified
samples can easily be disposed of in landfills.

Solidified fine and coarse waste materials at the same cement ratio had similar hydraulic conductivity
values. As the cement ratio increased hydraulic conductivity values decreased both for fine and coarse
textured waste samples. As shown in Table 10, hydraulic conductivity values measured for all treatments
were in the order of 10" m/s although higher cement addition (20%) results in somewhat lower
conductivity values. Measured conductivity values are two orders of magnitude lower than the value of
107 m/s recommended by U.S. EPA for land-burial of stabilized wastes (U. S. EPA, 1989). Therefore, in
terms of hydraulic conductivity criterion, mining waste can be disposed of in a landfill.

5.2 AOX Containing Pulp and Paper Wastewater and Sludge

For S/S of AOX containing sludge from pulp and paper industry, the same procedure was followed as in
the case of mining waste. Since the samples were compacted into cylindrical molds at their optimum
moisture content yielding maximum dry density, in terms of initial physical characterization, only
optimum moisture content and corresponding maximum dry density values were measured. The results
for sludge mixed with 30% and 50% portland cement are given in Table 11, which show a slight increase
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in the optimum moisture content of sludge samples with increasing portland cement addition and in turn,

an increase in the corresponding dry density.

Table 11: Optimum moisture content and maximum dry density values for AOX-containing pulp and

paper sludge
Material Optimum moisture content Maximum dry density
(%) (g/em’)
(@) 2 3)
30% Cement-Sludge 18 1.27
50% Cement-Sludge 19 1.32

January 2002

A. AOX Analyses

Prior to S/S of samples, initial AOX concentrations of wastewater and sludge were measured as39 mg/L
and 400 mg/kg, respectively. Following the 28 day-S/S cure period, TCLP were applied to the solidified
samples crashed to aggregate sizes between 1-2 mm and >2 mm. The results of AOX analyses in TCLP
and DWLP leachates are given in Table 12 and 13 for wastewater and sludge, respectively. Results show
that the cement-mixing ratio and aggregate size of the crashed solidified samples did not have any
considerable effect on the AOX concentration in the leachate. AOX concentrations in the leachate
decreased slightly with increase in the cement addition. Based on TCLP and DWLP results, AOX
retention efficiency for solidified wastewater and sludge samples were determined as 90% and 85%,
respectively.

Table 12: AOX concentrations in TCLP and DWLP leachates of wastewater solidified at different
cement ratios

AOX Concentration (mg/1)
Wastewater: 1-2 mm > 2mm
Cement Ratio TCLP Water TCLP Water
1:6 3.24 322 3.35 3.30
1:8 3.20 3.19 3.33 3.14

Table 13: AOX concentrations in TCLP and DWLP leachates of pulp and paper sludge solidified at
different cement ratios

AOX Concentration (mg/])
% Cement added 1-2 mm > 2mm
to sludge TCLP Water TCLP Water
30% 3.37 343 3.22 3.45
50% 3.11 3.21 3.20 3.01

Unlike U. S. EPA, Turkish Hazardous Waste Control Regulation defines a specific hazardous waste
criteria range of 0.6 to 3 mg/L for AOX in the leachate. If AOX concentration of a waste is within this
range, then that waste is considered to be hazardous waste and need to be disposed of in a hazardous
waste landfill without any pre-treatment before landfilling. But, if AOX concentrations exceed the upper
limit, then waste should be treated before landfilling. Although application of S/S process to AOX
containing sludge yielded high retention efficiency, concentrations of AOX in the TCLP leachates were
above the regulated levels. That is, wastes having similar AOX concentrations as of these sludges do not
seem to be disposed of directly in landfills.
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B. Unconfined Compressive Strength and Hydraulic Conductivity Tests

At the end of the 28-day cure period, hydraulic conductivity and unconfined compressive strength tests
were performed on duplicates of solidified/stabilized sludge samples. The results of these tests, which are
given in Table 14, indicate that as expected, increase in the cement ratio increased the strength of
solidified/stabilized samples. Unconfined compressive strength values measured for both 30% and 50%
cement cases are well above U. S. EPA limiting value of 350 kPa for the disposal of solidified hazardous
wastes in landfills.

Table 14: Unconfined compressive strength (q,) and hydraulic conductivity (K) values for AOX-
containing pulp and paper sludge samples solidified different cement ratios

Property 30% Cement 50% Cement
(1) () 3)

qu, kPa 2990 3605

K, m/s 2.6x 107 1.8x 10”

There was a decrease in hydraulic conductivity with higher cement addition. When the measured
conductivity values were compared with the value of 10”7 m/s recommended by U.S. EPA for land-burial
of stabilized wastes (EPA, 1989), measured values were two orders of magnitude lower than the
recommended value of EPA. Therefore, in terms of hydraulic conductivity criterion, these samples can be
disposed of in landfills.

5.3 PCB-Contaminated Soil
A. Physical Analyses

Prior to S/S of PCB-contaminated soil, Atterberg limits and particle size distribution of soil were
determined. In addition, optimum moisture content and corresponding maximum dry densities of soil-
cement mixtures were determined. Results are presented in Table 15. Although there was no change in the
optimum moisture content, maximum dry density increased with high cement addition. Atterberg limits of
the contaminated soil showed that the soil is non-plastic. Based on particle size distribution analysis, the
soil consists of approximately 33% silt, 60% sand and 7% gravel.

Table 15: Optimum Moisture Content and Maximum Dry Density Values for PCB-Contaminated Soil

Material Optimum moisture content Maximum dry density
(%) (g/em’)

€9) (2) 3)

20% Cement-Soil 21 1.38

50% Cement-Soil 21 1.42

B. PCB Analyses

Because the contaminated soil initially did not contain significant PCB concentration, transformer oil was
added to the soil at the ratio of 5 ml of oil to 100 grams of soil to increase initial PCB concentration in the
soil. The density of transformer oil was approximately 0.86 g/cm’. Therefore, the concentration of oil in
the soil was around 43,000 mg/kg. Oil concentration was high in the soil, so it was expected that PCB
concentration of the soil would also be high. However, the analyses of the transformer oil yielded 39.6
mg/kg PCB as arochlor 1254. Some records of PCB analyses for a number of transformer oil showed that
PCB concentration differs considerably.

Initial PCB concentrations in the soil were measured by gas chromatograph following microwave assisted
solvent extraction based on U. S. EPA method 3546. In order to determine which arochlors exist in the
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soil as PCB, the standard solutions of arochlor 1016, 1221, 1232, 1242, 1248, 1254 and 1260 were
injected. Results showed that the soil has arochlor 1254 as PCB and initial PCB concentration (Arochlor
1254) in the soil is 1.74 mg/kg.

The results of PCB analyses in TCLP and DWLP leachates are given in Table 16. As expected, arochlor
1254 was seen in the leachates as PCB. Higher cement addition resulted in less PCB concentrations in the
leachates implying that application of S/S process to PCB-contaminated soil will be more effective with
higher cement addition. Moreover, the effect of aggregate size on leachate quality was observed. Samples
with finer aggregate sizes yielded higher concentrations in the leachates due to the increased surface area
exposed to the leachant in the crushed samples. Thus, it was seen that the only effective mechanism for
S/S of PCB was physical entrapment rather than chemical reactions. The U. S. EPA regulations allow
wastes containing 50 to 500 ppm PCB to be disposed of in landfills. Such landfill sites must have
hydraulic conductivity of liner or underlying soil less than 107 cm/s, attenuation layer at the bottom of the
landfill and above the historical high groundwater table at least 15 m thick, and monitoring wells and
leachate collection system. Landfilling of wastes with PCB levels of less than 50 ppm is not currently
regulated. That is, these wastes can be disposed of in landfills permitted under Resource Conservation and
Recovery Act (RCRA) or even solid waste landfills (Freeman, 1988).

Table 16: PCB concentrations in TCLP and DWL leachate of PCB-contaminated soil solidified at
different cement ratios

PCB Concentration (ug/1)
Cement Ratio 1-2 mm > 2mm
TCLP Water TCLP Water
20% 30 14 18 6
35% 22 11 11 5

In order to assess leachate quality, the Drinking Water Standard of PCB, being 0.5 pg/L (Watts, 1998),
was used. Following the U. S. EPA guidelines, i.e., using the magnifying factor of 100 to drinking water
standard, gives maximum allowable concentration of PCB in the TCLP leachate as 50 pg/L. PCB
concentrations measured in TCLP leachate (Table 14) are lower than this value, but 20 to 60 times higher
than the drinking water standard. Calculated percent retention efficiency of PCB in the
solidified/stabilized soil after TCLP and DWLP extractions are given in Table 17. Higher retention
efficiencies were obtained with higher cement addition and samples of larger aggregate size.

Table 17: Percent retention efficiency of PCB concentration in S/S soil samples after TCLP and DWLP

Retained (%)
Cement Ratio 1-2 mm > 2mm

TCLP Water TCLP Water
20% 66 84 79 93
35% 75 87 87 94

C. Unconfined Compressive Strength and Hydraulic Conductivity Tests

Both hydraulic conductivity and unconfined compressive strength tests were performed on duplicate
solidified/stabilized samples of PCB-contaminated soil. The results of these tests are given in Table 18.
Results showed that PCB affected the strength development of portland cement, because the values of
unconfined compressive strength values were much lower than those for mining waste and AOX
containing sludge. Especially, unconfined compressive strength of solidified soil with 20% cement was
just above the U. S. EPA standard of 350 kPa. Therefore, 20% cement addition was not enough for
effective applications of S/S for PCB-contaminated soil. It seems that PCB in the soil interferes with the
strength development or hydration reaction of cement. However, the unconfined compressive strength
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value of solidified soil with 35% cement added satisfies the U.S. EPA standard of 350 kPa recommended
for disposal in landfills.

Table 18: Unconfined compressive strength (q,) and hydraulic conductivity (K) values for PCB-
contaminated soil samples solidified at different cement ratios

Property 20% Cement 35% Cement
(1) (2) 3)

Qu, kPa 373 1340

K, m/s 1.1x10” 4.4x10™"°

As in the case of other waste types, hydraulic conductivity values of solidified PCB-contaminated soil
decreased with higher cement addition. These conductivity values were lower than the U. S. EPA
standard of 107 m/s required for disposal in landfills.

6. HEALTH AND SAFETY

Not applicable.

7. ENVIRONMENTAL IMPACTS
Not applicable.

8. COSTS

Not available.

9. CONCLUSIONS

S/S of mining waste was investigated for four cases: combinations of two different portland cement ratios
(10% and 20%) and two different particle size distribution of plane waste (fine and coarse). For all cases
of metals it was shown that the application of S/S produced acceptable results from a regulatory
perspective. Unconfined compressive strength values were in the range of 1019 to 3250 kPa and hydraulic
conductivity in the range of 1.04 x 10” to 2.1 x 10 m/s, which were below the U. S. EPA regulated
values for landfilling. The effect of aggregate size on TCLP leachate quality was also investigated using
in TCLP tests solidified samples crashed into two different aggregate sizes. Test results showed that S/S
produced metal retention efficiencies in the solidified mass greater than 94%. In terms of the effect of
particle size distribution of the plane mining waste, as a general trend, at the same cement-waste ratio
leachate concentrations of fine waste samples were lower than those of coarse waste samples.

Technical criteria for the performance assessment of S/S require low leachate concentrations, low
permeability and high unconfined compressive strength. For metal containing mining waste, since all
cases produced acceptable unconfined compressive strength and hydraulic conductivity values in terms of
regulatory compliance, leachate concentrations seem to be the most critical factor in assessing the
effectiveness of S/S technology. Therefore, overall results indicate that the most suitable conditions for
S/S of metal containing hazardous wastes occur when 10% cement is mixed with the plane waste
consisting of nearly 75 % fine (silt and clay size) particles. However, the application of S/S for cadmium
was not successful because leachate concentrations of cadmium exceeded the regulatory limits of the U.
S. EPA. Therefore, for effective applications of S/S to the mining wastes containing high cadmium
concentration (=1000 mg/kg), cement addition should be greater than 10%.

For the S/S of AOX containing pulp and paper sludge, it was observed that portland cement was highly
effective in retaining AOX within solid matrix. Percent retention efficiency of solidified/stabilized AOX
was 85%. However, AOX concentrations in the leachate were slightly above the regulated levels.
Cement-mixing ratio and crashing the solidified samples into different aggregate sizes did not affect AOX
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concentration in leachate. There was only a slight decrease in leachate AOX concentrations with
increasing cement addition. When the other technical criteria (unconfined compressive strength and
hydraulic conductivity) were taken into consideration, they were consistent with the U.S. EPA standards.
For successful application of S/S to pulp and paper sludge containing AOX concentration greater than
400 mg/kg, the cement ratio can be increased beyond 50% or other additives as adsorbent must be used
besides portland cement.

S/S of PCB-contaminated soil gave questionable results. Despite low initial PCB concentration in soil
(1.74 mg/kg), PCB concentrations in TCLP leachate from solidified/stabilized soil samples were
relatively high (in the range of 11-30 pug/L). Percent retention efficiency of PCB in S/S samples ranged
between 66% and 87% for different treatments. Higher PCB concentrations in the TCLP leachates of
solidified samples with finer aggregate sizes indicated that the physical entrapment in the pores is the
major retention mechanism for solid matrix and therefore chemical fixation of PCB is not taking place. At
low cement additions, unconfined compressive strength of PCB-contaminated soil was much lower than
those of mining waste and AOX containing sludge. So, it can be concluded that PCB oil had an inhibitory
effect on the strength development of portland cement when cement ratio is low. Overall result indicate
that the effective applications of cement-based S/S to PCB contaminated coarse textured soils are highly
unlikely especially at PCB concentration levels as high as 50 to 500 ppm range and at cement ratios less
than 35%. In this regard, higher cement ratio or other additives, such as industrial adsorbents, together
with portland cement can be applied in order to obtain better leachate quality and thus more effective S/S
of PCB in soils.
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Project No. 10
Metal-Biofilm Interactions in Sulphate-Reducing Bacterial Systems
Location Project Status Contaminants Technology Type
Under development in Final Report Metals Biological treatment
consortium's laboratories
Technical Contact Project Dates Media
Prof. Harry Eccles Project accepted 1998 | Effluents and ground water
BNFL, Final project report 1999
Research & Technology,
Springfields,
Preston,
Lancashire PR4 0XJ, Costs Documented? Project Size Results Available?
United Kingdom No Laboratory Yes
Tel: 44 1772 762566
Fax: 44 1772 762891
E-mail hel @bnfl.com

Project 10 was completed in 1999.
1. INTRODUCTION

Sulphate-reducing bacteria (SRB) were developed to remove toxic heavy metals and radionuclides from
liquid effluents and/or contaminated ground waters. The technology is currently at the laboratory scale to
provide fundamental data to enable engineers to design better bioreactors. SRB technology for the
removal of toxic heavy metals has been used on a limited number of occasions. In general, the bioreactors
have been over-engineered thus increasing both the capital and operational costs and consequently the
technology is not perceived as competitive. With intrinsic bioremediation, under anaerobic conditions,
such as wetlands technology, SRB plays a key role in the sequestration of metals. It is not fully
understood if this SRB role is complementary or pivotal. If the latter function predominates then
understanding SRB-metal precipitation mechanisms could enable the wetlands to be better
engineered/controlled leading to more effective in-situ treatment.

The aim of this project was to generate new fundamental data by:

Employing a purpose designed biocell

Generating fundamental metal precipitation data from this biocell

Investigating factors affecting growth of sulphate-reducing bacterial (SRB) biofilms
Quantification of important biofilm parameters on metal immobilization

el S

2. SITE DESCRIPTION

The studies were carried out in the consortium's laboratories.

3. DESCRIPTION OF THE PROCESS

Biological processes for the removal of toxic heavy metals are presently less favored than their chemical/
physicochemical counterparts. Reasons for this are several; one of which is the inability to intensify the
technology due to the lack of fundamental data. BNFL and its partners used a novel biofilm reactor to
provide such information that can be used by the consortium's biochemical engineers and biofilm

modelers to design better, smaller and more efficient bioreactors incorporating SRB technology.

These bacteria are capable of reducing sulphate ions in liquid waste streams to hydrogen sulphide, which
with many toxic heavy metals will precipitate them from solution as their insoluble sulphides.
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As the solubility products of these sulphides are very small the final treated effluent will meet the most
stringent specification. Equally as the biological system is an active metabolic one the initial metal
concentrations can be comparatively high i.e., a few hundred ppm.

The project commenced on the 1 April 1996 and was completed on the 31 March 1999.
4. RESULTS AND EVALUATION

At the outset of this project it was appreciated that consistent, reproducible transferable results were
required from both of the laboratories (Westlakes Scientific Consulting [WSC] and the University of
Dundee [UODY]) involved in the project. Equally biofilm characterization protocols needed to be
developed/modified so that the SRB biofilms grown under a variety of conditions and challenged with
several toxic heavy metals could be comprehensively examined.

A. Biocell Design and Operation

A key component of the project was the provision of sound laboratory data in reasonable time-frames. To
satisfy these and other criteria a purpose designed biocell was constructed by a local specialist
engineering company. Prior to manufacture the design of the biocell with respect to flow regimes for a
variety of liquor flow-rates was simulated using CFD and subsequently verified by both WSC and UOD.
Laminar flow was achieved throughout (>95%) of the biocell biofilm active region.

The biocell comprised of two chambers separated by a membrane. In some experiments a porous
membrane was employed thus allowing a variety of experiments to be carried out which included
for example:

1. The separation of carbon source, or sulphate or heavy metal from the SRB biofilm.

2. Transfer, by pressure manipulation, of carbon source, or sulphate through the membrane into the
biofilm with the generated sulphide subsequently coming into contact with the metal solution.

3. The reverse of the above.

The biocell units were constructed in two sizes (lengths), a larger one (500 mm biofilm active length) and
a smaller unit (100 mm biofilm active length). The longer biocell was largely used for growing the initial
SRB biofilm on an appropriate membrane and dissected into lengths that could be accommodated by the
smaller unit. Most of the metal precipitation studies were undertaken in these units.

The philosophy for this arrangement was the period for biofilm growth was not less than 14 days whereas
metal precipitation studies took no more than 2 days to complete.

Factors Affecting Biofilm Growth

A major variable was the identity of the carbon/energy source used for culture. In general sulphate
reduced per mol of carbon source consumed was in the order: lactate > ethanol > acetate. Organic
nitrogen (e.g., a defined vitamin solution) also stimulated yield. However, a complex organic nitrogen
source e.g., yeast extract did not further stimulate yield. The structure of the support material also affected
biomass yield. Pore size stimulated yield between pore sizes of 20-100 wm. This appeared to primarily
affect the area available for attachment.

Temperature (maximum growth at 30°C), and the substrate concentration also affected growth and
sulphate reduction significantly and K, values were determined. No effect was observed due to phosphate
concentration, inorganic N concentration or support material or hydrophobicity. Prolonged culture led to
deeper biofilms but the maximum active depth (shown by fluorescein diacetate-staining) remained at
approximately 500 um with deeper material appearing to be inactive.
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B. Substrate Utilisation

The biofilm flow cell (biocell) was a key element in this project. It allowed a defined area of biofilm to be
incubated under defined conditions of rheology and nutrient supply by recirculating medium from a
reservoir and samples of the recirculating medium can be removed for assay. Substrate-utilization was
studied in the biocell as a closed system where a fixed quantity of medium was circulated and the
substrate was depleted over time by the metabolic activities of the biofilm.

This system permitted measurement of the concentration and rate of use of substrates. Sodium lactate was
rapidly utilized, producing acetate. Varying the concentrations over a 10- to 20-fold range and allowed
determination of lactate utilization kinetics, this was carried out by personnel engaged on process
modeling (K m @ 1,4 mM). Acetate was utilized very slowly by the biofilm culture and accumulated
during experiments on lactate utilization as it was produced by SRB metabolizing lactate.

When acetate was supplied as the sole carbon/energy source, its rate of utilization and the accompanying
sulphate reduction were almost undetectable so that no kinetic parameters could be determined. The low
acetate utilization appeared to result from absence of acetate-degrading organisms from the mixed culture,
probably as a result of selection by maintaining the culture on lactate as sole carbon/energy source. An
acetate-utilizing mixed SRB culture was obtained, combined with the lactate-utilizing culture and the
combined culture was maintained on mixed lactate and acetate as carbon/energy source. This combined
culture utilized acetate considerably faster than the lactate-grown culture alone. However, it was not
possible to fit a single set of kinetic parameters to the data.

As the addition of an acetate-utilizing culture led to increased acetate utilization, it appears that the very
low rate of acetate utilization in the original culture was due to the absence of acetate-degrading
organisms.

Effects of Metal Uptake on Biofilm Growth

Biofilms exposed to Cd or Cu in the growth medium accumulated the metal sulphides. Metal sulphide
uptake was accompanied by increased content of protein and polysaccharide content of the biofilm as
well as its increased thickness. The increase in polysaccharide was considerably greater than of protein,
so that it appeared that extracellular polysaccharide was secreted in response to the accumulation of metal
sulphides in the biofilm. The accumulated metal sulphides were concentrated in the upper part of the
biofilm and resulted in increased biofilm thickness, but the depth of active (fluorescein diacetate-staining)
biofilm remained the same (approximately 500 m) in metal-loaded biofilms. Metal sulphide deposits
could, however, overlie the active cells in metal-loaded biofilms, which indicates that these deposits did
not obstruct diffusion of nutrients to the biofilm.

5. METAL PRECIPITATION STUDIES
5.1 Metal (Cd and Cu) Bioprecipitation

The kinetics and metal mass-balances of Cd and Cu bioprecipitation were studied using the biocell
system. After flushing sulphide from the system, the appearance of soluble sulphide in the medium was
rapid in the absence of metals but was delayed, in the presence of Cd or Cu. The apparent "shortfall" of
sulphide was stoichiometric with the metal added to the medium, which was consistent with metal
sulphide formation. However, not all of the metal sulphide formed was immediately precipitated, as some
remained dispersed as colloidal material. A method of fractionating the metal into soluble, colloidal and
precipitated fractions was developed and the time-course of formation and transformation of these
fractions was investigated, this indicated that colloid flocculation to form precipitated solids was
relatively slow compared to sulphide formation and appeared to be rate-limiting for the overall
bioprecipitation process. Data on sulphate reduction, sulphide formation and colloid flocculation was used
to parameterize and test a mathematical model that confirmed the rate-limiting nature of the flocculation
step. In continuous culture, with a hydraulic residence time of 5 h, both Cd and Cu were precipitated. At
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metal concentrations used in batch experiments (250 uM), almost all metal was precipitated with a small
colloidal phase and almost no remaining dissolved metal At 500 and 1000 UM metal a similar result was
observed but with more of the metal remaining in solution and a similar percentage (approximately 5-
10%) in the colloidal phase. It therefore appeared that the processes occurring in a continuous culture
system were similar to those occurring in batch culture and that the residence time allowed significant
flocculation of the colloidal material to take place. Although it is clearly an important component, the
occurrence of a significant colloidal phase in metal sulphide bioprecipitation is a novel observation that
does not appear to have been previously reported.

5.2 Iron Precipitation

The degree of iron sulphide formation by the biofilm (not previously exposed to FeSO4) was found to
depend upon the initial FeSO4 loading of the medium, with a saturating concentration 0.5mM FeSO4.
Under these conditions 0.86mg/cm’ of Fe was taken up by the biofilm, but this represented only 16% of
that in the system the rest precipitated in the system tubing and reservoir because of the biogenic S in
solution.

6. MEMBRANE STUDIES
6.1 Permeable Membrane

Investigations into the flow characterization of the 2.5mm sintered polyallomer PorvairTM permeable
membrane showed that a 20-day-old (mature) biofilm made the membrane less permeable, but there was
sufficient fluid flow to allow the biocell to be effective at metal removal. Copper sulphate was used as the
test heavy metal, fed through the membrane along with the lactate for biofilm metabolism. At high flow
rates through the permeable membrane (>0.05mil/min/cm2) copper sulphide formed a suspension and
appeared in the waste stream, whereas at lower flow rates, where the contact time between the metal and
biofilm was increased, the amount of copper sulphide in the waste stream was reduced to insignificant
levels.

6.2 Cross Flow Operation Using a Permeable Membrane

The biocell was set up with two channels for recirculating liquor separated by a permeable membrane,
which supported the growing biofilm. The two recirculating liquor streams were only connected via the
permeable membrane. Two main processes were envisaged to transport material between these streams
bulk- phase transvection due to a pressure difference between the sides of the biocell and diffusion.
Experiments varying the pressure difference across the membrane showed that solutes supplied in the
bulk-phase liquor were transported proportionally to the exchange of volume, implying that transvection
was the main mechanism. However, sulphide produced by the biofilm was approximately equally
distributed between both sides of the biocell even at low-pressure differentials, which produced no bulk-
phase movement. This indicated that the sulphide was transported out of the biofilm in both directions by
diffusion. When a metabolically-active biofilm was grown on one side of the biocell and metal (Cd)
solution was supplied on the other (sterile) side of the biocell, bioprecipitation of the Cd occurred,
removing it from solution. Cd was not detected on the biofilm side of the cell so this arrangement, with
the biofilm separated from the metal-containing stream by a membrane, permits separation of the metal-
containing and nutrient streams reducing any environmental risks from discharge of BOD in the form of
nutrients or of toxicity to the biofilm from unprecipitated metals.

7. MODELING STUDIES
7.1 Biofilm

A model of the biological phenomena occurring within the sulphate reducing bacterial biofilms, has been
developed. The model is based upon the Generalized Repository Model (GRM) developed by BNFL. The
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mechanistic model takes into account a complex microbiology based upon Monod type Kinetic, and
incorporates chemical speciation based on the PHREEQE geochemical speciation package. The biofilm
code allows the modeling of eight bacterial groups. All microbial groups in each biofilm layer are subject
to growth and decay. Microbial growth is modeled via two groups of reactions, energy generating
reactions and biomass generating reactions. Bacterial growth and substrate removal is modeled using
Monod kinetics, in which substrate removal is related to biomass growth through the yield coefficient.
Changes to the bulk chemistry due to microbial activity within the code are utilized as input data by the
chemical speciation component of the code, PHREEQE.

The main roles of PHREEQE are the modeling of mineral precipitation and dissolution, speciation of
dissolved species, and calculation of the ambient pH. The PHREEQE database has been modified to
include lactate and acetate species, which are of specific interest to this project. Species diffuse into the
biofilm and an equilibrium is reached between adjacent compartments, (i.e., another biofilm layer or, in
the case of the upper biofilm layer, the bulk liquid phase). Microbial degradation changes the
concentration of species in the biofilm layers, and compounds diffuse in and out of the layers tending
towards equilibrium. Whilst this is occurring the speciation component of the code determines the
reaction path of the released species.

Speciation is carried out in the bulk liquid phase, and each of the individual biofilm layers. The rate at
which microbial degradation and speciation occur determines the compartment in which the minerals
precipitate Species which become incorporated in a mineral phase, by precipitation, remain in that
compartment and are not subject to diffusion. The inclusion of advection allows a series of model cells to
be connected, allowing a range of experimental and environmental situations to be modeled. After each
time step (time taken for speciation, diffusion, and microbiology), species are able to enter and leave the
model cells, via adjacent model cells, or an external route.

Microbial growth within each layer is dependent on the diffusion of substrate. The model is based upon a
single, or series of model cells, containing a gas phase, bulk liquid phase, biofilm and a substratum.

The model has been success fully applied to results produced by the University of Dundee. It was possible
to model the utilization of lactate and sulphate within the biofilm, and the precipitation of cadmium
sulphide with a high degree of success. At present the model has had a limited application, as modeling
the BNFL biocell experiments has not utilized the bulk of the models capabilities.

A number of biofilm models are reported in current literature, however none include an extensive
microbiology and such a comprehensive speciation component. The model may be applied to further
modeling tasks in the future, taking advantage of the full extent of it capabilities.

7.2 Bioreactor Configuration
From the point of view of engineering design, the project has disclosed the following new information:
A. Kinetics

At the start of the project, only one paper was available on tentative reaction kinetics in SRB systems.
This project has shown that:

1. Sulphide production is zero order in sulphate concentration and exhibits a Monod rate dependence on
carbon substrate composition (ignoring complications from acetate utilization),

2. The biofilm kinetics do not alter substantially as the film grows, supporting modeling work presented
in the literature on non-SRB systems that there is a constant, active biofilm thickness,

3. Sulphide production rate does not appear to be affected by the adsorption of insoluble sulphides, and
kinetics are dependent on intrinsic kinetics with little effect of diffusional mass transfer in the film,

4. As aconsequence of the above, a simple form for the local kinetics at a point in a reactor is possible,
thereby reducing the computational complexity of previous literature models.
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B. Metal Precipitation

The form of the precipitation of metal sulphide is very important as it exerts a profound effect on reactor
performance and the design of ancillaries to remove insolubles from the reactor outlet stream. This was
not realized at the outset of the project and has not, hitherto, been discussed or analyzed in the literature.
Nonetheless, the experimental and theoretical work in the project has:

1. Allowed estimates of the rate of flocculation of colloidal material to be made (which do not appear to
be substantially affected by the presence of the biofilm),

2. Allowed estimates of the rate of biofilm capture of colloidal material to be made, and

3. Has shown the conditions under which metal precipitation occurs predominantly either within the
biofilm or in the free solution outside the film.

C. Reactor Modeling

The few reactor models for SRB systems in the literature have used very complex biofilm kinetics and
have not considered practical issues such as flocculation and precipitation. A simple reactor model has
been constructed which could be used immediately to interpret the results from a pilot-scale reactor. It
demonstrates that very careful process control is important in order to achieve the stringent targets with
regard to both soluble sulphide concentration and soluble metal concentration in the discharged stream.
The model indicates the great sensitivity of the quality of the discharged stream to changes in key
parameters.
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Project No. 11

Predicting the Potential for Natural Attenuation of Organic Contaminants in Groundwater

Location

Operational coal tar processing and
organic chemicals manufacturing plant,
West Midlands, U.K.

Project Status
Final report

Media Technology Type

Groundwater Intrinsic
bioremediation, natural
attenuation

Technical Contact

Dr. Steve Thornton,

Groundwater Protection & Restoration
Group,

Dept. of Civil & Structural Engineering,
University of Sheffield, Mappin St.,
SHEFFIELD S1 3JD

United Kingdom

Tel: 0114 222 5744

Fax: 0114 222 5700

E-mail: s.f.thornton@sheffield.ac.uk

Project Dates
Accepted
Final Report

1998
1999

Contaminants
Coal tars, phenol, cresols, xylenols,
BTEX

Costs Documented?

Not applicable

Results Available?

Yes

Project Size

Not applicable

Project 11 was completed in 1999.

1. INTRODUCTION

Natural attenuation is an emerging technology, which uses natural biological and chemical processes
occurring in aquifers to reduce contaminants to acceptable levels. The technology has been used
successfully in shallow North American aquifers but has not been developed for the deep, fractured,
consolidated aquifer systems found in the U.K. Technical protocols are available which provide a basis
for the performance assessment of monitored natural attenuation schemes (Buscheck and O'Reilly, 1995;
OSWER, 1997). These have primarily evolved from studies of petroleum hydrocarbon and chlorinated
solvent spills at sites in North America. However, there is little provision within these protocols for
interpretation of natural attenuation within the hydrogeological settings and range of contaminated sites
found in the UK and elsewhere in Europe. The U.K. has a legacy of contaminated industrial sites located
on deep, consolidated, dual-porosity aquifers and groundwater pollution from these sites often results in

the development of complex plumes.

The application of natural attenuation technology requires that there is a framework in place for the robust
assessment of its performance at individual sites. This framework needs to incorporate appropriate
strategies for monitoring natural attenuation processes in situ and predicting the potential for natural

attenuation at field scale.

Coal-gasification plants are an important source of soil and groundwater pollution in the U.K. Pollutant
streams from these facilities typically contain a wide variety of organic and inorganic compounds (e.g.,
phenolic compounds and NH,), usually at very high concentration. These phenolic compounds are
normally biodegradable under a range of redox conditions (Suflita et al., 1989; Klecka, et al., 1990;
Rudolphi, et al., 1991). However, in comparison with other groups of organic pollutants our
understanding of the fate of pollutants from coal-gasification plants in U.K. aquifers is poor.

2. BACKGROUND

The research site is an operational coal-tar processing and phenols manufacturing plant, constructed in
1950, and situated in the U.K. West Midlands. The plant is located on a deep, unconfined, fractured,
Permo-Triassic sandstone aquifer and has contaminated the groundwater with a range of phenolic
compounds, including phenol, cresols, xylenols and BTEX, some at concentrations up to 12,500 mg I"".
The aquifer is naturally aerobic, calcareous at depth and contains abundant Fe and Mn oxides as grain
coatings. Groundwater levels are shallow (typically <5 mbgl) and the aquifer is 250 m thick in the
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vicinity of the site. Groundwater flow is 4-11 m y™'. The current volume of the plume is about 3 million
m’. The total concentration of organic compounds in the plume source area is presently 24,800 mg 1",
including 12,500 mg 1" phenol. Site history and groundwater flow patterns suggest that spillages started
soon after construction of the plant, that is, the plume is 50 years old. These spillages include mixtures of
organic compounds and mineral acids, the latter giving rise to a SO4 plume with concentrations up to 449
mg I"". There is no information to indicate when spillages stopped, although the plume remains anchored
by a strong source. The only receptor at risk is a public supply borehole, located approximately 2 km west
of the plant and >100 y travel time from the present plume.

The project objectives are (a), to understand processes controlling the natural attenuation of a complex
mixture of organic pollutants in a U.K. sandstone aquifer, (b), to develop practical techniques to estimate
the potential for natural attenuation and (c), to understand the value of intervening to increase attenuation.
The key research issues are (a), estimating the timing and duration of degradation, (b), understanding the
degradation processes and potential inhibitors, (c¢), quantifying the role of mineral oxidants in
degradation, (d), assessing the supply of soluble electron acceptors from dispersion and diffusion at the
plume fringe, and (e), assessing the contribution of fermentation to degradation.

The project is funded primarily by the UK Engineering and Physical Sciences Research Council and
Environment Agency, with additional contributions from the UK Natural Environment Research Council
through affiliated projects. The project began in September 1996, in collaboration with the British
Geological Survey, Institute of Freshwater Ecology and University of Leeds, and is 3 years duration.
Industrial collaborators include Laporte Inspec, BP, SAGTA and Aspinwall & Co.

3. TECHNICAL CONCEPT

Simultaneous field investigations, laboratory studies and reactive transport modeling have been initiated
and are ongoing. The field studies have focused on characterization of the baseline groundwater
hydrochemistry and microbiology in the plume. This was undertaken to identify spatial and temporal
variations in the distribution of contaminants, redox processes, dissolved gases, microbial population
activity and diversity. Two comprehensive groundwater quality surveys have been completed for the suite
of 25 monitoring boreholes installed by consultants responsible for the site investigation (Aspinwall &
Co., 1992). A basic conceptual process model of contaminant attenuation was developed with this data.
High-resolution multilevel groundwater samplers (MLS) have been developed and installed in the plume
at 130 m and 350 m from the site, to depths of 30 m and 45 m below ground level, respectively. These
devices provide a vertical profile through contaminated and uncontaminated sections of the aquifer at a
level of detail unobtainable with the existing borehole network. The MLS boreholes have been used to
quantify solute fluxes, degradation rates, redox processes, and identify environmental controls on
degradation in the plume. The MLS have been sampled at quarterly intervals over a year to monitor
changes in plume redox conditions and microbial population dynamics in response to water table
fluctuations in the aquifer. A rock core was recovered anaerobically from the aquifer, adjacent to one of
the MLS boreholes, to provide material as inoculum for laboratory process studies, for examination of
microbial ecology, for analysis of metal oxide and silicate mineralogy, and for stable isotope
characterization of reduced sulphide and carbonate minerals.

Laboratory microcosm studies using acclimated groundwater and aquifer sediment are in progress to
examine the degradation rates of phenolic mixtures under the range of redox and environmental
conditions found in the plume. The scope of these process studies is wide and includes an assessment of
degradation coupled to different aqueous and solid phase oxidants, identifying the contribution of
fermentation to degradation and understanding the broad controls on degradation (e.g., oxidant
bioavailability and contaminant toxicity). Different redox systems were established in the microcosms
under different contaminant concentrations in order to understand the timing and extent of degradation.
Initially, aquifer sediment incubated under different redox conditions in boreholes at the site was used as
inocula in the microcosms. Additional process studies are now in progress using rock core material
recovered from the aquifer. These will examine the spatial variability in aquifer degradation potential, and
quantify the bioavailability of mineral oxidants in degradation along a vertical profile through the plume.
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Microbiological analysis of groundwater and aquifer sediment samples has focused on understanding the
spatial and temporal variability in the diversity and activity of indigenous microbial populations. These
variations have been compared for the range of redox conditions and contaminant concentrations found in
the plume, to refine the process model developed from the hydrochemical data and to understand the
broad environmental controls on microbial ecology and aquifer potential for contaminant degradation.

Reactive transport modeling of biodegradation processes in the plume is ongoing. An initial modeling
study was undertaken with the biodegradation code, BIOREDOX, to test the conceptual process model of
the plume and to identify additional modeling objectives. Further transport modeling is now underway in
collaboration with the University of Waterloo in Canada, using a more advanced code. The necessary
parameter values, rate data and processes required for modeling are obtained from the laboratory and field
studies. This will provide an independent assessment of the utility of the approach in predicting
contaminant fate at field scale.

4. ANALYTICAL APPROACH

Groundwater samples have been collected, anaerobically, for analysis of organic contaminants, dissolved
gases (e.g., Na, CO,, CHy), major cations, major anions, organic and inorganic (e.g., total inorganic
carbon, Fe**, Mn*", Sz') metabolites of phenolic compound degradation, nutrients, 348/%28-80,, S/*?s-S%,
BC/C-C0,™, *0/'°0-S0,, organically-complexed and organically-uncomplexed Fe, and micro-
biological parameters. Samples have been collected concurrently for analysis of these determinands on
each groundwater survey, to provide time-series data for comparison. Geochemical modeling of the
groundwater quality data has been completed to identify potential sinks for inorganic products of
biodegradation and to refine a carbon mass balance for the plume.

Microbiological analysis has included enumeration of total and culturable bacteria. Direct measures of in
situ degradation potential have been made on groundwater and aquifer sediment samples by stimulation
with NO; and addition of radiolabeled phenol compounds and other aromatic hydrocarbons. Microbial
diversity has been assessed after inoculation of samples with different nutritional tests.

Rock core samples have been analyzed for oxidation capacity (OXC) and mineral phases (e.g., iron
sulphides, metal oxides, carbonates and aluminosilicates). Permeameter tests and analyses of mineral
phase **S/*?S-S* and "*C/"*C-CO5’- stable isotopes have also been performed on core samples.

5. RESULTS

The range of redox and microbial processes identified in the plume has demonstrated the aquifer potential
for aerobic and anaerobic degradation of the organic contaminants. Contaminant degradation is occurring
under aerobic, nitrate-reducing, iron/manganese-reducing, sulphate-reducing, and methanogenic
conditions, at contaminant concentrations up to 24,000 mg L. Degradation rates and microbial activity
are highly variable and are correlated with contaminant concentrations and electron acceptor availability
in the plume. There is increased microbial activity, diversity and degradation at the plume fringe, in
response to the increased flux of dissolved oxygen and nitrate from the background groundwater and
dilution of contaminant concentrations. The supply of aqueous oxidants and dilution of contaminants are
controlled by mechanical dispersion at the plume fringe. The mixing zone over which this dispersion
occurs is relatively small (2 m) for the plume under study. A carbon and electron acceptor mass balance
for the plume has constrained the plume source term and suggests that degradation has not been
significant within much of the plume (Thornton ef al., 1998). The mass balance suggests that dissolved
oxygen and nitrate, supplied by dispersion, are more important for contaminant mass turnover in the
plume than other degradation processes. The stable isotope studies show that a contaminant threshold
concentration exists for the initiation of sulphate reduction in the plume, although other degradation
processes appear relatively insensitive to the organic pollutant load.
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6. HEALTH AND SAFETY

Not available.

7. ENVIRONMENTAL IMPACTS
Not available.

8. COSTS

Not available.

9. CONCLUSIONS

A combination of methodologies has been developed to assess the potential for natural attenuation of
organic contaminants at this site. These methodologies include theoretical approaches and practical, field-
based, technology which provides an improved framework for understanding the behaviour of complex
plumes in aquifers. Contaminant fate in this aquifer system is controlled by a complex plume source
history and spatial variations in the aquifer degradation potential, as influenced by contaminant
concentration and the bioavailability of oxidants. Source history has a greater impact on contaminant
concentrations in this aquifer than degradation processes. The field and laboratory studies show that
contaminant mass loss can be demonstrated for the range of environmental conditions found in the plume.
However, although the phenolic compounds are biodegradable and the aquifer is not oxidant limited, the
plume is likely to grow under the present conditions. This is because contaminant concentrations remain
toxic to degradation in much of the plume core and the supply of aqueous oxidants, via mixing with
uncontaminated groundwater, is insufficient to meet the demand from the plume. Natural attenuation of
these organic pollutants in this system is therefore likely to increase only after increased dilution of the
plume.
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Project No. 12

Treatability Test for Enhanced In Situ Anaerobic Dechlorination

Location Project Status Media Technology Type
Cape Canaveral Air Station, FL. Demonstration Groundwater |In situ
complete bioremediation
Naval Air Station Alameda, CA Demonstration
complete
Fort Lewis, WA Demonstration
complete
Camp Lejeune, SC Demonstration in
progress
Technical Contact Project Dates Contaminants
Capt. Dave Kempisty Accepted 1999 | Tetrachloroethylene (PCE),
AFRL/MLQ Final Report 2002 |trichloroethylene (TCE),
139 Barnes Drive, Suite 2 dichloroethene (DCE), vinyl chloride
Tyndall AFB, FL 32403 Costs Documented? Project Size Results Available?
Tel: 850-283-6126 Spring 2002 Field Spring 2002
Fax: 850-283-6064 Treatability
E-mail: Testing
david.kempisty@tyndall.af.mil
Andrea Leeson
DoD SERDP/ESTCP
Cleanup Program Manager
901 N. Stuart Street, Suite 303
Arlington, VA 22203
Tel: (703) 696-2118
Fax: (703) 696-2114
E-mail: andrea.leeson@osd.mil

1. INTRODUCTION

Chloroethene compounds, such as tetrachloroethene (PCE) and trichloroethene (TCE), have been widely
used for a variety of industrial purposes. Past disposal practices, accidental spills, and a lack of
understanding of the fate of these chemicals in the environment have led to widespread contamination at
U.S. Department of Defense (DoD) and industrial facilities. Enhanced anaerobic dechlorination is a very
promising bioremediation treatment approach for remediating chlorinated ethene-contaminated
groundwater. The goal of this effort is to develop and validate a comprehensive approach for conducting a
treatability test to determine the potential for applying reductive anaerobic biological in situ treatment
technology (RABITT) at any specific site. A treatability protocol has been written (Morse, 1998) and will
be applied to five DoD chlorinated solvent contamination sites in the United States. Based on the field
test results, the protocol will be revised as needed upon completion of the effort.

2. BACKGROUND

Because both PCE and TCE are stable compounds that resist aerobic degradation or require the presence
of an electron-donating co-contaminant for anaerobic transformation, these compounds tend to persist in
the environment. However, in reductive systems, highly oxidized contaminants (e.g., PCE) can be utilized
as electron acceptors. RABITT attempts to stimulate this reductive pathway by supplying excess reduced
substrate (electron donor) to the native microbial consortium. The presence of the substrate expedites the
exhaustion of any naturally occurring electron acceptors. As the natural electron acceptors are depleted,
microorganisms capable of discharging electrons to other available electron acceptors, such as oxidized
contaminants, gain a selective advantage.
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The reductive dechlorination of PCE to ethene proceeds through a series of hydrogenolysis reactions
shown in Figure 1. Each reaction becomes progressively more difficult to carry out.

Figure 1: Reductive Dechlorination of PCE
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The selection of an appropriate electron donor may be the most important design parameter for
developing a healthy population of microorganisms capable of dechlorinating PCE and TCE. Recent
studies have indicated a prominent role for molecular hydrogen (H,) in the reductive dechlorination
process (Holliger et al., 1993; DiStefano et al., 1992; Maymo-Gatell et al., 1995; Gossett et al., 1994;
Zinder and Gossett, 1995). Most known dechlorinators can use H; as an electron donor, and some can
only use H,. Because more complex electron donors are broken down into metabolites and residual pools
of H, by other members of the microbial community, they may also be used to support dechlorination
(Fennell et al., 1997; Smatlak et al., 1996; DiStefano et al., 1992).

The rate and quantity of H, made available to a degrading consortium must be carefully engineered to
limit competition for hydrogen from other microbial groups, such as methanogens and sulfate-reducers.
Competition for H, by methanogens is a common cause of dechlorination failure in laboratory studies. As
the methanogen population increases, the portion of reducing equivalents used for dechlorination quickly
drops and methane production increases (Gossett et al., 1994; Fennel et al., 1997). The use of slowly
degrading nonmethanogenic substrates will help prevent this type of system shutdown.

Because of the complex microbial processes involved in anaerobic dechlorination, thorough site
characterization and laboratory microcosm testing are an important part of the RABITT protocol. The
protocol presents a phased or tiered approach to the treatability test, allowing the user to screen out
RABITT in the early stages of the process to save time and cost. The protocol guides the user through a
decision process in which information is collected and evaluated to determine if the technology should be
given further consideration. RABITT would be screened out if it is determined that site-specific
characteristics, regulatory constraints, or other logistic problems suggest that the technology will be
difficult or impossible to employ, or if competing technology clearly is superior.

The first phase of the treatability test includes a thorough review of existing site data to develop a
conceptual model of the site. The protocol contains a rating system that can be used to assess the
suitability of a site for RABITT testing. The rating system is based on an analysis of the contaminant,
hydrogeologic, and geochemical profiles of the site. The decision to proceed with the RABITT screening
process should be supported by data indicating that the site meets the requirements for successful
technology application. The second phase of the approach involves selecting a candidate test plot location
within the plume for more detailed site characterization. Characterization activities will examine
contaminant, geochemical, and hydrogeologic parameters on a relatively small scale to determine the
selected location’s suitability as a RABITT test plot. Based on the information generated during the
characterization of the test plot, a decision is made to proceed to phase three of the treatability study,
which consists of conducting laboratory microcosm studies. The microcosm studies are conducted to
determine what electron donor/nutrient formulation should be field-tested to provide optimum biological
degradation performance. If the results from the microcosm testing indicate that reductive dechlorination
does not occur in response to the addition of electron donors and/or nutrients, the technology is eliminated
from further consideration. The fourth and final phase of the treatability test entails field testing the
electron donor/nutrient formulation determined in the laboratory microcosm tests to be most effective for
supporting biologically mediated reductive dechlorination. The data from this phased treatability test
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indicate the potential for the microbiological component of RABITT and are used to make the decision to
proceed to pilot-scale or full-scale implementation of RABITT.

This effort consists of applying the protocol to five chlorinated solvent contamination sites. Currently the
field treatability test systems are operating at two locations, Cape Canaveral Air Station, FL, and Naval
Air Station Alameda, CA. Microcosm studies will begin in August 1999, using contaminated aquifer
material from a site at Ft Lewis, WA which is the proposed location for site number three. The fourth and
fifth field locations are yet to be determined.

3. ANALYTICAL APPROACH

A summary of soil and groundwater analytes is presented here. For detailed information on sample
collection techniques or analytical methods, please refer to Morse, et al. 1998.

A. Site Characterization Activities

Soil cores are visually examined for soil type and stratigraphy. In addition, soil core subsamples are sent
to an off-site laboratory and analyzed for VOCs, TOC, and Total Iron. Groundwater samples are analyzed
for the following parameters: dissolved oxygen, temperature, pH, Fe, conductivity, chloroethenes,
dissolved organic carbon, ammonia, CH,, C,Hy4, C,Hg, NO;, NO,, SO, Cl, Br, alkalinity, and total iron.
B. Performance Monitoring of the Field Test Cell

Table 1 presents the performance monitoring parameters and their measurement frequency during field-
testing.

Table 1: Performance Monitoring Parameters

Measurement
Parameter Site Measurement Frequency

TCE, cis-DCE, VC, ethene Lab Initial, baseline, and biweekly
Volatile Fatty Acids (electron Lab Initial, baseline, and biweekly
donor)
Bromide Field and Lab Initial, baseline, and biweekly
Dissolved Oxygen Field Initial, baseline, and biweekly
pH Field Initial, baseline, and biweekly
Conductivity Field Initial, baseline, and biweekly
Fe™” Field Initial, baseline, and biweekly
CH,, C,H,, C,Hg Lab Baseline and monthly
NOs3, NO,, SO,, Cl1 Lab Baseline and monthly
Alkalinity Lab Baseline and monthly

4. RESULTS

4.1 Site 1: Cape Canaveral Air Station, FL

Description. Facility 1381, the Ordnance Support Facility at Cape Canaveral Air Station, contains a
shallow, 110-acre volatile organic compound (VOC) plume consisting primarily of TCE, DCE, and VC.
Improper disposal of solvents used for cleaning and degreasing operations contributed to this groundwater
contamination plume. Field data suggest that TCE is naturally being dechlorinated to DCE and
subsequently to VC. Each of these contaminants has been detected in a surface water body adjacent to the
site.
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The geology at the site is characterized by poorly sorted coarse to fine sands and shell material from
ground surface to approximately 35 ft below ground surface (bgs). From approximately 35 to 50 ft bgs,
sands show a decrease in grain size and the silt and clay content increases. From 48.5 to 51 ft bgs, a
continuous clay unit appears to underlie the entire area at Facility 1381. Groundwater at the site is very
shallow, generally ranging between 4 and 7 ft bgs. The hydraulic conductivity for the shallow
groundwater has been determined to be approximately 88.7 ft/day. The pH of the groundwater ranged
from 6.87 to 8.14 and conductivity readings ranged from 464 to 5,550 umhos/cm. The groundwater flow
velocity has been calculated to be 0.21 ft/day. The suspected source area contains high levels of TCE (up
to 342 mg/L), but TCE concentrations drop off quickly and only DCE and VC are detected towards the
edges of the plume.

A. Microcosms

Microcosm studies at Cape Canaveral showed that all organic electron donors evaluated (lactate, butyrate,
propionate, benzoate, and yeast extract amendment) promoted enhanced dechlorination of the 2 mg/L
TCE, 10 mg/L ¢DCE and 1.5 mg/L VC present in the site groundwater. Lactate was selected for the
electron donor to be used in the field-testing.

Figure 2 illustrates lessons learned from conducting microcosm studies. Upon the addition of lactate and
vitamin B;, with no yeast extract, levels of TCE and cDCE show no significant signs of reduction.
Alternatively, the addition of yeast extract along with lactate and vitamin By, facilitated the onset of and
completion of the dechlorination process.

Figure 2: Degradation of Chlorinated Compounds under Various Conditions: Cape Canaveral Air Station
Aquifer Material
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B. Field Study

The standard RABITT design was modified for the site at Cape Canaveral Air Station in order to meet the
State of Florida Underground Injection Control regulatory requirements. This regulation does not allow
for reinjection of contaminated groundwater. The objective of the modified system was to allow for
effective delivery and distribution of nutrients and electron donors and to provide for extensive
monitoring and hydraulic control, without pumping groundwater aboveground. The modified system was
installed at Facility 1381 in March 1999 and operated for six months.

The modified design consisted of two communicating wells, a series of 13 tri-level groundwater
monitoring probes, and upgradient and downgradient monitoring wells. The system wells are a dual
screen design, with one operating in an upflow mode and the other in a downflow mode. Each well was
screened within two distinct zones (10-12.5 and 17.5-20 ft bgs). The wells are placed close enough to
affect each other with the effluent from one well feeding the other. This results in groundwater circulation
that can be used to mix and distribute the electron donor/nutrient formulation. Tri-level monitoring points
were screened in three zones that covered similar depths and an intermediate zone. The monitoring probes
were positioned around the treatment cell to provide three-dimensional data that was required to track the
tracer and added electron donor/nutrients, calculate mass reductions during treatment, and evaluate gains
and losses from the treatment cell through background groundwater migration. The monitored plot
dimensions were 39 ft by 10 ft.

After initial tracer testing established the site hydrological conditions, lactic acid was injected into the
communicating well system to maintain an initial groundwater concentration of 3 mM lactate. The total

system pumping rate was approximately 2,880 gal/day (7.6 L/ min).

Figure 3: Degradation of Chlorinated Compounds during Field Testing at Cape Canaveral
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Cape Canaveral field-testing showed rapid dechlorination of TCE and cDCE to VC, followed by slower
subsequent dechlorination to ethene under the established sulfate reducing to methanogenic conditions
(Figure 3). Molecular probing indicated the presence of a dechlorinating organism similar to
Dehalococcoides ethenogenes, an organism that has been shown to promote complete dechlorination with
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slow removal of VC. The treatment demonstrated reduction of TCE, cDCE, and VC by 88.7%, 90.6%,
and 66.3%, respectively. The ethene concentration increased significantly to approximately 0.04 mM, but
good molar balances were not possible due to diffusion. Overall, there was reasonable agreement between
laboratory microcosm and field results.

4.2 Site 2: Naval Air Station Alameda, CA
A. Site Description

Building 360 (Site 4) at Naval Air Station Alameda was selected for the second demonstration. This
building has been used as an aircraft engine repair and testing facility, and consisted of former machine
shops, cleaning areas, as well as plating and welding shops and parts assembly areas. Solvents used in the
cleaning shop of Building 360 have included a mixture of 55% PCE and other chemicals such as
dichlorobenzene, methylene chloride, toluene and 30 to 70% solutions of sodium hydroxide. Site
characterization activities performed by the facility revealed elevated levels of chlorinated solvents,
primarily TCE (24 mg/L), DCE (8.6 mg/L), and VC (2.2 mg/L), between 5.5 and 15.5 feet bgs.

Depth to groundwater in the Building 360 area ranges between 4.4 feet and 6.5 feet bgs. Aquifer testing
yielded hydraulic conductivity values from 1.22 x 10 to 3.86 x 10~ cm/sec. The estimated groundwater
flow is very low at only 1.1 x 10” cm/sec or 11.4 ft/year. It appears that groundwater in this area is very
nearly stagnant.

B. Microcosms

Microcosms showed that all electron donors tested except benzoate promoted enhanced dechlorination of
TCE. Butyrate was chosen for field injection because of a shorter lag time associated with stimulating
dechlorinating activity. TCE was rapidly dechlorinated to ethene under the established sulfate reducing to
methanogenic conditions when supplied with a constant 3 mM supply of butyrate in the injected
groundwater obtained from the supply well. Molecular probing to date has been negative for D.
ethenogenes; however, recent data indicates that a closely related species may be present at the site.

C. Field Study

After baseline sampling and tracer testing, injection of butyric acid began in June 1999 using a flow
through system. The field test involved an upgradient injection well and downgradient extraction well
with aboveground recirculation. The injection well was supplemented with TCE-contaminated
groundwater from a separate supply well outside the influence of the 3-ft by 15-ft monitored plot. The
injection, extraction, and nine monitoring wells were all screened between 24 and 27 ft bgs. The total
pumping rate for the system was 236 gal/day (0.62 L/min). Butyric acid and yeast extract were added to
maintain initial in situ concentrations of 3mM and 20 mg/L respectively.

Injected groundwater contained average TCE, ¢cDCE, and VC concentrations of 81.7 uM, 7.0 uM, and 3.4
UM respectively. By the end of the demonstration the average TCE concentration observed in the
treatment zone had been reduced by 94% despite the continuing input of TCE (Figure 4). In addition, both
cDCE and VC were on the decline; ethene levels were steadily increasing and accounted for
approximately half of the total chloroethene concentration. On average, 87% of injected chloroethenes
could be accounted for during sampling events. Good agreement between microcosm and field results
was also observed for the Alameda site.
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Figure 4: Degradation of Chlorinated Compounds during Field Testing at NAS Alameda
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4.3 Site 3: Fort Lewis, WA
A. Site Description

The East Gate Disposal Yard (EGDY) covers approximately 29 acres at Ft Lewis, WA. Aerial
photographs indicate that between 1940 and 1971 the EGDY was used as a storage and disposal site for
various solid and liquid wastes. The photographic evidence shows that the wastes were disposed of in
large trenches and pits and that, on occasion, the waste materials were burned. Waste materials disposed
of at the EGDY include TCE and petroleum, oil, and lubricant wastes from equipment cleaning and
degreasing activities conducted at the Fort Lewis Logistics Center.

The depth to groundwater at the EGDY Site is approximately 10 feet bgs. Background groundwater
velocities across the EGDY are in the range of 0.25 to 0.75 feet per day in the field test location. TCE,
cDCE, VC, and BTEX constituents have been detected in groundwater samples from the EGDY Site. Of
these, TCE and cDCE are most prevalent. Data from a previous investigation indicated that reductive
dechlorination may be occurring in the area, but that the process is held up at cDCE.

B. Microcosms

Dechlorination in the Ft. Lewis microcosms was markedly slower than anticipated based on previous
results with samples collected from Alameda Point and Cape Canaveral (Figure 5). The initial dose of
TCE was removed from all of the amended, biotic reactors; however, formation of VC and complete
conversion to ethene occurred in only a few bottles after 292 days of monitoring. The two amendments
that did result in complete conversion to ethene in two of the three replicates were butyrate and high
concentrations of yeast extract. Because the observed degradation of butyrate is slow, it appears to
provide a relatively steady, long-term supply of electron equivalents for use.
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The single, most important factor influencing dechlorination—both lag and extent—was probably the low
native levels of TCE in the materials from which these microcosm sets were created. In the majority of
bottles, there was a consistently long lag time observed prior to the initiation of cDCE dechlorination.
However, once ¢cDCE dechlorination activity began, it was generally followed by concurrent
transformation of VC to ethene. These patterns suggest that the transformation of TCE was mediated by
different organisms than those responsible for cDCE and VC dechlorination. This type of pattern is
consistent with the presence of a dechlorinating population in which Dehalococcoides ethenogenes is not
the dominant member.

Figure 5: Microcosm Results, Ft. Lewis, WA
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C. Field Study

A conventional RABITT test system (shown in Figure 6.1 on page 54 of the draft RABITT protocol) was
installed at Fort Lewis, with the exception that the gradient well was removed from the design based on
the results of the tracer test and the measured gradient in the selected area. The three injection wells are
spaced approximately 2 feet apart and the distances between the injection wells and each row of
monitoring wells are 10 feet for a plot dimension of approximately 4 feet by 30 feet. A background
monitoring well was installed upgradient of the plot to monitor any naturally occurring changes in
background contaminant and geochemical profiles. An existing well in a contaminated area was used to
provide the required supply of contaminated groundwater for injection into the test plot. The injected fluid
imparts a gradient, which drives the flow of groundwater through the system.

Initial TCE concentrations ranged across the test plot from 11.0 to 47.9 uM (1,450 to 6,300 ppb). Injected
groundwater initially contained moderately higher levels that tended to increase over the first 13 weeks of
the demonstration from a low of 39.6 uM (5,200 ppb) at system startup to 148 uM (19,400 ppb) at 13
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weeks. TCE concentrations remained within this range until Week 24 when concentrations spiked
dramatically to 1,286 uM (169,000 ppb). Concerns that TCE levels of this magnitude would prove toxic
to the microorganisms catalyzing the dechlorination reaction proved unwarranted as the conversion of
TCE to ¢DCE continued unimpeded.

After 8 weeks of electron donor injection, the influent concentration of TCE was reduced 99.94% from 65
uM (8,500 ppb) to an average concentration of 0.04 uM (5 ppb) by the time it reached the first row of
monitoring wells approximately 50 hours later. Assuming pseudo-first order kinetics apply, this rate of
TCE removal translates into a half-life of 4.7 hours (k = -0.1488 h™"). This rate of removal remained
constant when the influent concentration of TCE increased to 1,286 uM (169,000 ppb) during Week 24.
The concentration in the injected water once it reached nearby MW-3 was only 0.53 uM (69.4 ppb),
which translates into a half-life of 4.4 hours (k =-0.155 h™).

The dramatic reduction in TCE concentrations contributed to the accumulation of cDCE during the
demonstration. Increases in vinyl chloride levels suggest that cDCE was being dechlorinated, but at a
significantly slower rate than TCE. The maximum VC concentration was only 3.5 uM (217 ppb) and
comprised a very small percentage of the overall chloroethene mass. Ethene and ethane concentration
remained at or near detection limits throughout most of the demonstration.

4.4 Site 4: Marine Corps Base Camp Lejeune, NC
A. Site Description

The contamination at Site 88, Marine Corps Base Camp Lejeune, occurred as a result of past operating
procedures at the Base Dry Cleaners as well as due to leaking underground storage tanks at the site. The
surficial aquifer was encountered at depths of 6 to 15 feet bgs. The aquifer consists of a series of
sediments, primarily sand and clay, which commonly extend to depths of 75 feet. The principal water
supply for the base is found in the series of sand and limestone beds that occur between 50 and 300 feet
bgs. This series of sediments generally is known as the Castle Hayne Formation, associated with the
Castle Hayne Aquifer. The top of the Castle Hayne Aquifer was found at a depth of 40 to 60 feet bgs.
Clay layers occur in both of the aquifers. However, the layers are thin and discontinuous in most of the
area, and no continuous clay layer separates the surficial aquifer from the Castle Hayne Aquifer. Thin,
discontinuous layers and lenses of silt, clay, and/or peat are scattered throughout the sand. The hydraulic
conductivity values estimated for the upper portion of the surficial aquifer ranged from 0.4 feet/day to
29.7 feet/day. The hydraulic conductivity values estimated for the lower portion of the surficial aquifer
ranged from 56.4 feet/day to 85.5 feet/day.

B. Microcosms

Core samples were taken from Camp Lejeune for microbial analysis in November 2000. Because
previous site characterization indicated varying contaminant and geochemical profiles at increasing
depths, two distinct microcosm sets were constructed. The first set was assembled using core material and
groundwater from 15 to 19 feet bgs, while the second used core material and groundwater from 45 to 49
feet bgs. The construction of two microcosm sets was undertaken to more fully assess the potential for
stimulating dechlorinating activity in the area. Transferring material between two microcosms from
different depths should provide information about potential inhibitory conditions at the site, as well as an
indication of the promise of implementing a recirculating system in the field study. Monitoring of the
Camp Lejeune microcosms is currently in-progress.

C. Field Study

A conventional RABITT test system consisting of 3 injection wells and an array of 9 monitoring wells
was installed at Camp Lejeune in April 2001. The wells were installed to a depth of 48 ft bgs and covered
an area approximately 4 ft wide by 30 ft long. Existing wells are being used to monitor background
groundwater characteristics and supply groundwater for the demonstration. Injection of contaminated
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groundwater amended with butyric acid and yeast extract commenced in June 2001, with a total system
pumping rate of approximately 0.65 L/min. The expected completion date for the field demonstration is
December 2001.

Preliminary results show groundwater at the site is anaerobic, highly reduced (-200 mV), and PCE
concentrations within the testing zone average about 33 uM (5,500 ppb). Other chloroethenes are present,
but at considerably lower concentrations. The average concentrations of TCE, cDCE and VC within the
testing zone are 2.9 uM, 0.8 uM, and <0.1 UM, respectively.

5. HEALTH AND SAFETY

Activities conducted during RABITT system installation and operation that could potentially cause health
and safety hazards include drilling with hollow-stem augers or direct push methods, soil and groundwater
sample collection, and replenishing concentrated stock solutions (tracer, nutrient, electron donor
solutions). Potential hazards include exposure to organic contaminants and other chemicals used in stock
solutions, exposure to organic vapors, objects striking feet or eyes, and electrical shock. Appropriate
safety precautions and protective equipment is utilized to minimize or eliminate health and safety hazards.

6. ENVIRONMENTAL IMPACTS

Because the contaminants are biologically transformed in situ into non-hazardous compounds (e.g.,
ethene), the RABITT treatability test does not produce a process waste stream. Characterization and
sampling activities generate a small amount of contaminated soil and groundwater that must be properly
disposed of.

7. COSTS
Detailed costs for all phases of the RABITT treatability approach will be presented in the final report.
8. CONCLUSIONS

To date RABITT demonstrations have been completed at three Department of Defense Facilities, Cape
Canaveral Air Station, FL; Alameda Point, CA; and Ft. Lewis, WA. The fourth and final facility, Camp
Lejeune, NC, has been initiated and will be completed by the end of the year.

Microcosm studies were conducted at each demonstration site to gauge the probability of enhancing
reductive dechlorination and to examine a suite of electron donors for efficacy. In all four cases the
electron donor butyric acid demonstrated results equal or superior to all other donors tested. This
assessment is based on the percentage of reducing equivalents used for dechlorination and on the rate and
degree of dechlorination.

The design and operation of each RABITT field demonstration system was tailored to site-specific
characteristics. The site’s hydrogeology, regulatory environment, and results from microcosm testing all
influenced the design and operation of the system. An overview of each system’s design is outlined in
Table 2. Despite differences in site characteristics and system design, each of the three completed
demonstrations showed rapid reduction of TCE to cDCE. At Cape Canaveral and Alameda this reduction
proceeded to ethene. The demonstration at Ft. Lewis was exposed to extraordinarily high concentrations
of TCE (169,000 ppb), but no slowdown in microbial activity was observed and dechlorination continued
at a remarkable pace. The high-rate dechlorination observed at Ft. Lewis did lead to an accumulation of
cDCE, but increases in the VC concentration suggest that dechlorination was proceeding past cDCE.
Results from field demonstrations were generally in agreement with microcosm test results. Results from
Camp Lejeune are still pending.
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Table 2: Hydrogeology, Regulatory Environment and Results from Microcosm Testing

Design Parameter Units Cape Canaveral | Alameda Point | Ft. Lewis Camp Lejeune
System flow rate L/min | 7.5 0.6 1.5 0.6
Flow pattern NA Circulation Linear flow- Linear flow- Radial flow-
through through through
Surface dimensions ft. 10 x 34 3x15 4 x 30 4x30
Depth ft. bgs | 10-20 24-27 26-29 45-48
Sampling locations number | 49 12 12 12
Demonstration duration | Days 169 194 179 ongoing
Electron donor NA Lactic acid Butyric acid Butyric acid Butyric acid
Yeast extract” mg/L None 20 20 20
Sodium bicarbonate® mg/L None None 279 None

NA — not applicable.
a — target in situ concentration.
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Project No. 13

Permeable Reactive Barriers for In Situ Treatment of Chlorinated Solvents

Location Project Status Media Technology Type

Dover Air Force Base, Final Report Groundwater In situ abiotic
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contaminants

Technical Contacts Project Dates Contaminants

Charles Reeter Accepted 1999 Chlorinated solvents: PCE, TCE, and cis-

U.S. Navy Final Report 2000 | 1,2-DCE
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Port Hueneme, CA 93043
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E-mail: vogelc(@acg.osd.mil

Project 13 was completed in 2000.
1. INTRODUCTION

A permeable reactive barrier (PRB) was installed at Dover Air Force Base (AFB) in January 1998 to
capture and treat a portion of a chlorinated solvent plume. The PRB consisted of a funnel-and-gate system
with two permeable gates containing reactive media and impermeable funnel walls to achieve the required
groundwater capture. This PRB was installed was installed to a depth of almost 40 ft using an innovative
installation technique involving the use of caissons. The PRB was monitored periodically since
installation and is performing satisfactorily in terms of contaminant degradation and groundwater capture
(Battelle, 2000).

2. BACKGROUND

The Air Force Research Laboratory (AFRL), Tyndall Air Force Base (AFB), Florida contracted Battelle,
Columbus, Ohio in April, 1997 to conduct a demonstration of a pilot-scale field PRB at Area 5, Dover
AFB, Delaware. The Area 5 aquifer is contaminated with dissolved chlorinated solvents, primarily
perchloroethene (PCE). The U.S. Department of Defense (DoD) Strategic Environmental Research and
Development Program (SERDP) and the Environmental Security Technologies Certification Program
(ESTCP) provided funding for this project. The primary objective of this demonstration was to test the
performance of two different reactive media in the same aquifer, under uncontrolled field conditions. A
secondary objective of the demonstration was to facilitate technology transfer through by documenting
and disseminating the lessons learned regarding PRB design, construction, and monitoring.

The U.S. Environmental Protection Agency (EPA) National Exposure Research Laboratory (NERL) was
funded separately by SERDP to conduct long-term above-ground column tests with groundwater from
Area 5 of the Dover AFB to evaluate and select suitable pre-treatment and reactive cell treatment and
media for the field demonstration. Members of the Remediation Technologies Development Forum
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(RTDF) Permeable Barriers Group and the Interstate Technologies Regulatory Cooperation (ITRC)
Permeable Barriers Subgroup provided document review support for this demonstration.

3. TECHNICAL CONCEPT

A PRB consists of permeable reactive media installed in the path of a contaminant plume. The natural
groundwater flow through the permeable portion of the PRB brings the contaminants into contact with the
reactive media. The contaminants are degraded upon contact with the media and treated groundwater
emerges from the downgradient side of the PRB. Sometimes, impermeable “funnel” walls are installed
next to the permeable “gate(s)” containing the media; the funnel helps to capture additional groundwater
and channel it through the gate(s). A PRB design guidance document prepared by Battelle for AFRL
describes the concept, design, construction, and installation of PRB systems in considerable detail
(Gavaskar et al., 2000).

Based on column tests conducted with several alternative reactive media and Area 5 site groundwater, US
EPA-NERL reported that a pyrite-and-iron combination ranked the best (U.S. EPA, 1997). Because of its
potential for scrubbing oxygen and controlling pH in the iron-groundwater system, pyrite was expected to
provide the benefits of enhanced kinetics of CVOC degradation and reduced precipitation of inorganic
constituents. Precipitation of inorganic constituents, such as dissolved oxygen, carbonates, calcium, and
magnesium, in the reactive medium is generally anticipated to be a probable cause for any loss of
reactivity or hydraulic performance that the iron may encounter during long term operation. Precipitates
could potentially coat the reactive surfaces of granular iron and reduce reactivity and hydraulic
conductivity over time. Based on the U.S. EPA (1997) recommendation for the use of pyrite and iron to
control precipitation, Battelle designed and installed a funnel-and-gate type PRB with two gates. Both
gates have a reactive cell consisting of 100% granular iron. In addition, Gate 1 also incorporates a pre-
treatment zone (PTZ) consisting of 10% iron and sand; Gate 2 incorporates a PTZ consisting of 10%
pyrite and sand. The exit zone in both gates consists of 100% coarse sand. The construction of the PRB
was completed in January 1998.

The location and design of the barrier was also determined by detailed Area 5 site characterization and
modeling conducted in June 1997 to support the PRB and monitoring system design (Battelle, 1997). The
groundwater treatment targets for this project are 5 ug./L of PCE and TCE, 70 pg/L of cis-1,2
dichloroethene (cis-1,2 DCE), and 2 pg/L of vinyl chloride (VC); these targets correspond to the U.S.
EPA-recommended maximum contaminant levels (MCLs) for the respective chlorinated volatile organic
compounds (CVOCs). An innovative construction technique involving caissons was used to install the
two gates down to about 40 ft bgs, which is beyond the reach of conventional backhoe installation.

4. ANALYTICAL APPROACH

Following installation, the reactive (geochemical) and hydraulic performance of the PRB were evaluated
primarily through two comprehensive monitoring events in July 1998 and June 1999 (Battelle, 2000a).
Monitoring events were conducted periodically throughout the demonstration to monitor a limited
number of operating parameters. At the end of 18 months of operation, core samples of the gate and
surrounding aquifer media were collected and analyzed for precipitate formation.

5. RESULTS

Monitoring results show that, to date, the PRB is functioning at an acceptable level in terms of capturing
groundwater, creating strongly reducing conditions, and achieving treatment targets. The treatment targets
at Dover AFB are 5 pg/L of PCE and TCE, 70 ug/L of cis 1,2-dichloroethene (DCE), and 2 pg/L of vinyl
chloride (VC); DCE and VC are typical byproducts of PCE and TCE degradation process. The PTZs in
both gates succeeded in removing dissolved oxygen from the groundwater before it entered the reactive
cell. In addition, the use of pyrite did result in some degree of pH control while the groundwater was in
the PTZ of Gate 2. However, once the groundwater entered the reactive cell, the tendency of the iron to
raise the pH of the system overwhelmed any pH control effect achieved by the pyrite. Magnesium, nitrate,
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and silica were the main inorganic species precipitating out of the low-alkalinity groundwater as it flowed
through the gates.

6. HEALTH AND SAFETY

A health and safety plan was prepared before construction started and was reviewed by Dover AFB and
all contractors. A pre-construction meeting was held at the site to discuss safety issues. Level D safety
measures and personal protective equipment (PPE) were used to address the minimal safety hazards
during construction. These consisted of a hard-hat and steel-toed shoes for workers at the site. When the
vibratory hammer was used to drive the caissons into the ground, workers used earplugs to protect
potential hearing loss. Entry of workers into the excavation was avoided by using a pre-fabricated frame
holding the monitoring well array that was inserted from the ground into the excavated gates. The
granular iron was placed in the gates with a tremie tube. No health and safety incidents occurred during
construction.

7. ENVIRONMENTAL IMPACTS

A photo-ionization detector was used to monitor ambient organic vapors during construction. Because of
the very low levels of organic contaminants present in the groundwater and soil at the location of the
PRB, there were no real concerns about environmental impacts. Extracted soil from the caisson was
transported to a nearby construction site for reuse.

8. COSTS

The initial capital investment incurred the pilot-scale PRB at Dover AFB Area 5 was a total of
US$739,000, including US$47,000 for the granular iron media and US$264,000 for the on-site
construction; site characterization, column testing, design, site preparation, and procurement accounted
for the rest of the cost. A long-term life cycle analysis of a full-scale PRB (expanded funnel-and-gate
system with four gates) and an equivalent pump-and-treat (P&T) system was conducted for the site.
Assuming that the iron medium would sustain its reactivity and hydraulic properties for at least 30 years,
the discounted net present value (NPV) of the long-term savings over 30 years of operation was estimated
to be approximately US$800,000, compared with using the P&T system. Given that the solvent plume is
likely to last for several decades or even centuries, the longer-term savings are significant.

9. CONCLUSIONS

A pilot-scale PRB was successfully designed and installed at Dover AFB to capture and treat a
chlorinated solvent plume to meet the desired clean up targets. The caisson method of installation was
found to be suitable for installing a PRB at relatively greater depths and in the midst of underground
utility lines. Monitoring shows that the PRB continues to meet its targets. One significant unknown is the
longevity of the PRB, that is, for how long will the iron medium continue to sustain it reactive and
hydraulic performance. Precipitates were found to be forming in the iron cell due to the level of inorganic
constituents measured in the groundwater. In the absence of longevity information, the cost analysis
described above was repeated assuming that the iron would have to be replaced every 5, 10, 20, or 30
years. This economic analysis showed that as long as the iron does not have to be replaced for at least 10
years, the PRB would be a less costly option compared to an equivalent P&T system at Area 5. Dover
AFB is currently considering an expansion of the system to capture more of the plume.
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Project No. 14

Thermal Cleanup Using Dynamic Underground Stripping and Hydrous Pyrolysis/Oxidation

Location Project Status Contaminants Technology Type
LLNL Gasoline Spill Site, Final Report PAHs, diesel and Dynamic
Livermore, CA. pentachlorophenol underground
(Visalia) stripping and
Visalia Pole Yard, Visalia, CA. Gasoline (LLNL) hydrous pyrolysis/
(TCE, solvents and fuels | oxidation
at other sites)

Technical Contacts Project Dates Media

Robin L. Newmark Accepted 1998 | Groundwater and soil
Lawrence Livermore National Final Report 1999

Laboratory

L-208, P.O. Box 808
Livermore, Ca., 94550
United States

Tel: (925)-423-3644 Costs Documented? | Project Size Results Available?
Fax: (925)-422-3925 Yes Full-scale: Yes

E-mail: newmark@llnl.gov

Livermore: 100,000yd’

Paul M. Beam (76,000 m*)

U.S. Department of Energy

19901 Germantown Road Visalia: 4.3 acres, >130
Germantown, MD 20874-1290 ft deep (app. 600,000
United States m’)

Tel: 301-903-8133
Fax: 301-903-3877
E-mail: paul.beam@em.doe.gov

Project 14 was completed in 1999.
1. INTRODUCTION

In the early 1990s, in collaboration with the School of Engineering at the University of California,
Berkeley, Lawrence Livermore National Laboratory developed dynamic underground stripping (DUS), a
method for treating subsurface contaminants with heat that is much faster and more effective than
traditional treatment methods. More recently, Livermore scientists developed hydrous pyrolysis/oxidation
(HPO), which introduces both heat and oxygen to the subsurface to convert contaminants in the ground to
such benign products as carbon dioxide, chloride ion, and water. This process has effectively destroyed all
contaminants it encountered in laboratory tests.

With dynamic underground stripping, the contaminants are vaporized and vacuumed out of the ground,
leaving them still to be destroyed elsewhere. Hydrous pyrolysis/oxidation technology takes the cleanup
process one step further by eliminating the treatment, handling, and disposal requirements and destroying
the contamination in the ground. When used in combination, HPO is especially useful in the final
“polishing” of a site containing significant free-product contaminant, once the majority of the
contaminant has been removed.

2. BACKGROUND
A. Lawrence Livermore National Laboratory (LLNL) Gasoline Spill Site:

LLNL recently completed the cleanup and closure of a moderate-sized spill site in which thermal cleanup
methods, and the associated control technologies, were used to remediate nearly 8,000 gallons (30,000 L)
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of gasoline trapped in soil both above and below the standing water table. The spill originated from a
group of underground tanks, from which an estimated 17,000 gallons (64,000 L) of gasoline leaked
sometime between 1952 and 1979. The gasoline penetrated the soil, eventually reaching the water table,
where it spread out. Gasoline trapped up to 30 ft (9 m) below the water table was there due to a rise in the
water table after the spill occurred, with the gasoline held below water by capillary forces in the soil.
Groundwater contamination extended about 650 ft (200 m) beyond the central spill area. The soils at the
site are alluvial, ranging from very fine silt/clay layers to extremely coarse gravels, with unit
permeabilities ranging over several orders of magnitude. The site was prepared for long-term groundwater
pump-and-treat with vapor extraction; recovery rates prior to thermal treatment were about 2.5 gal/day 9.5
L/day).

B. Visalia Pole Yard:

In 1997, DUS and HPO were applied for cleanup of a 4.3 acre (17,000 m®) site in Visalia, California,
owned by Southern California Edison Co. (Edison). The utility company had used the site since the 1920s
to treat utility poles by dipping them into creosote, a pentachlorophenol compound, or both. By the 1970s,
it was estimated that 40-80,000 gallons (150,000-300,000 L) of DNAPL product composed of pole-
treating chemicals (primarily creosote and pentachlorophenol) and an oil-based carrier fluid had
penetrated the subsurface to depths of approximately 100 ft (30 m), 40 ft (12 m) below the water table.
Edison had been conducting pump and treat operations at the site for nearly 20 years. While this activity
had successfully reduced the size of the offsite groundwater contaminant plume, it was not very effective
at removing the NAPL source. Prior to thermal treatment, about 10 1b. (4.5 kg) of contaminant was being
recovered per week. Bioremediation of the free-organic liquids is expected be prohibitively slow
(enhanced bioremediation was predicted to take at least 120 years).

3. TECHNICAL CONCEPT
A. Dynamic Underground Stripping (DUS): Mobilization and Recovery

Dynamic Underground Stripping combines two methods to heat the soil, vaporizing trapped
contaminants. Permeable layers (e.g., gravels) are amenable to heating by steam injection, and
impermeable layers (e.g., clays) can be heated by electric current. These complementary heating
techniques are extremely effective for heating heterogeneous soils; in more uniform conditions, only one
or the other may be applied. Once vaporized, the contaminants are removed by vacuum extraction. These
processes - from the heating of the soil to the removal of the contaminated vapor - are monitored and
guided by underground imaging, which assures effective treatment through in situ process control.

B. Hydrous Pyrolysis/Oxidation (HPO): In Situ Destruction

At temperatures achieved by steam injection, organic compounds will readily oxidize over periods of
days to weeks. By introducing both heat and oxygen, this process has effectively destroyed all petroleum
and solvent contaminants that have been tested in the laboratory. All that is required is for water, heat,
oxygen, and the contaminant to be together; hence the name. After the free organic liquids are gone, this
oxidation will continue to remove low-level contamination. The oxidation of contaminants at steam
temperatures is extremely rapid (less than one week for TCE and two weeks for naphthalene) if sufficient
oxygen is present. In HPO, the dense, nonaqueous-phase liquids and dissolved contaminants are
destroyed in place without surface treatment, thereby improving the rate and efficiency of remediation by
rendering the hazardous materials benign by a completely in situ process. Because the subsurface is
heated during the process, HPO takes advantage of the large increase in mass transfer rates, such as
increased diffusion out of silty sediments, making contaminants more available for destruction.

C. Underground Imaging: process control

Most subsurface environmental restoration processes cannot be observed while operating. Electrical
Resistance Tomography (ERT) has proven to be an excellent technique for obtaining near-real-time
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images of the heated zones. ERT gives the operator detailed subsurface views of the hot and cold zones at
their site on a daily basis. Heating soil produces such a large change in its electrical properties that it is
possible to obtain images between wells (inverted from low voltage electrical impulses passed between)
of the actual heated volumes by methods similar to CAT scans. Combined with temperature
measurements, ERT provides process control to ensure that all the soil is treated.

D. LLNL Gasoline Spill Site: DUS

The DUS application at the LLNL Gasoline Spill Site was designed to remove free-product NAPL. The
targeted volume was a cylinder about 120 ft (36 m) in diameter and 80 ft (24 m) high, extending from a
depth of 60 ft (18 m) to a depth of 140 ft (43 m). The water table is located at 100 ft (30 m). Due to the
presence of relatively thick clay-rich zones, both electrical heating and steam injection were required to
heat the target volume.

E. Visalia Pole Yard: DUS + HPO

Thermal treatment (DUS steam injection and vacuum extraction) was chosen for removal of the free
product contaminant. The overall objectives of thermal remediation of the Visalia Pole Yard are to
remove a substantial portion of the DNAPL contaminant at the site, thereby enhancing the bioremediation
of remaining contaminant. This is expected to significantly shorten the time to site closure as well as
improve the accuracy of the prediction of time to closure. As part of the final removal process, Edison is
also implementing hydrous pyrolysis (HPO), an in situ method of destroying organic contaminants using
small amounts of supplemental air or oxygen. The primary use of HPO at this site is for destruction of
residual pentachlorophenol, which will not readily steam strip due to high solubility and low vapor
pressure. The combination of rapid recovery and thermal destruction is expected to permit Edison to
achieve their cleanup goals, which included termination of groundwater treatment.

A series of noble gas tracer tests were conducted to verify the extent of HPO under field conditions.
Evidence of hydrous pyrolysis/oxidation came from the disappearance of dissolved oxygen, the
appearance of oxidized intermediate products, the production of CO,, and the distinct isotopic signature
of the carbon in the CO, produced, indicating contaminant origin. These results constrain the destruction
rates throughout the site, and enable site management to make accurate estimates of total in sifu
destruction based on the recovered carbon using the system-wide contaminant tracking system being used
on the site.

4. ANALYTICAL APPROACH

Standard laboratory analyses were performed on all samples unless noted specifically in the references.
5. RESULTS

A. LLNL Gasoline Spill Site:

During 21 weeks of thermal treatment operations conducted over about a year, DUS treatment removed
more than 7600 gallons (29,000 L) of an estimated 6200 gallons (23,000 L) of gasoline trapped in soil
both above and below the water table. Prior to thermal treatment, separate phase contamination extended

to >120 ft (37 m) deep. Approximately 100,000 yd3 (76,000 m*) were cleaned. The maximum removal
rate was 250 gallons (950 L) of gasoline a day. The process was limited only by the ability to treat the
contaminated fluids and vapors on the surface.

Dynamic underground stripping removed contaminants 50 times faster than with the conventional pump-
and-treat process. The cleanup, estimated to take 30 to 60 years with pump-and-treat, was completed in
about one year. As of 1996, following removal of more than 99% of the contaminant, and achievement of
Maximum Contaminant Limit (MCL) levels in groundwater for five of the six contaminants, the site is
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being passively monitored under an agreement with the California Regional Water Quality Control Board
(RWQCB), California EPA’s Department of Toxic Substances Control (DTSC), and the Federal EPA
Region 9. These regulatory agencies declared that no further remedial action is required.

The initial objective of the LLNL DUS demonstration was to remove the separate phase gasoline from the
treatment area. Not only was the separate phase gasoline removed, but the groundwater contamination
was reduced to or near the regulatory limits. Thermal treatment under these conditions did not sterilize the
site, and instead led to the establishment of flourishing indigenous microbial ecosystems at soil
temperatures up to 90°C. The very positive response of regulators, who provided quick closure
authorization for the site, indicates that these methods will be accepted for use.

B. Visalia Pole Yard:

During the first six weeks of thermal remediation operations, between June and August 1997,
approximately 300,000 pounds (135 metric tons) of contaminant was either removed or destroyed in
place, a rate of about 46,000 pounds (22 metric tons) per week. That figure contrasts sharply with the 10
pounds (0.003 metric ton) per week that Edison had been removing with conventional pump and treat
cleanup methods. In fact, the amount of hydrocarbons removed or destroyed in place in those six weeks
was equivalent to 600 years of pump-and-treat, about 5,000 times the previous removal rate.

Edison achieved their initial goal of heating over 500,000 yd’® (380,000 m°) to at least a temperature of
100 °C by the beginning of August 1997. Uniform heating of both aquifer and aquitard materials was
achieved. At this point, about 20,000 gallons (76,000 L) of free-product liquid had been removed. Vapor
and water streams continued to be saturated with product. Continued destruction by HPO was indicated
by high levels of carbon dioxide (0.08 - 0.12% by volume) removed through vapor extraction. Initial
destruction accounted for about 300 Ib/day 136 kg/day) of contaminant being destroyed via HPO.
Operations were changed to a huff and puff mode, where steam is injected for about a week, and then
injection ceases for about a week while extraction continues. Maximum contaminant removal is obtained
during this steam-off period as the formation fluids flash to steam under an applied vacuum.

In September, 1997, following the initial contaminant removal by steam injection and vacuum extraction,
air was injected along with the steam to enhance hydrous pyrolysis of the remaining contaminant. /n situ
destruction rates increased to about 800 Ib/day (360 kg/day). Recovery/destruction rates matched
expectations. By the summer of 1998, decreasing contaminant concentrations indicated that the bulk of
the contaminant had been removed from the main treatment volume. Groundwater concentrations
indicated that the site was being cleaned from the periphery inward, with all but two wells showing
contaminant concentrations similar to the pre-steam values by September 1998. Active thermal
remediation of this zone was nearing completion. At this point, Edison chose to begin injecting steam into
a deeper aquifer to heat and remove the remaining contamination that had leaked into the overlying silty
aquitard, which represented the “floor” of the initial treatment zone. Contaminant is being recovered from
this aquitard today.

In the ensuing months, recovery rates have remained high. As of March 1999, over 960,000 Ib (440,000
kg) or 116,000 gallons of contaminant had been removed or destroyed. About 18% of the total has been
destroyed in situ via HPO. Contaminant concentrations in the recovery wells are decreasing.

Edison plans to continue steam injection through the end of June 1999. This will be followed by
groundwater pumping, vacuum extraction and air injection to enhance HPO and bioremediation.
Monitoring of groundwater concentrations is expected to continue for a period of 2 to 5 years.

6. HEALTH AND SAFETY

This high-energy system needs to be handled in accordance with standard safety procedures. Monitoring
of air emissions has revealed low emissions with no worker safety or public health impacts.
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7. ENVIRONMENTAL IMPACTS

Permits were required for water discharge (treated effluent) and NO, emissions from the boilers. The site
is being remediated under a state-lead Remedial Action Plan (RAP). Vapor is destroyed in the boilers
under air permit from the regional air board. Standard regional groundwater monitoring is conducted to
ensure public health protection.

8. COSTS
A. DUS at the LLNL Gasoline Spill Site

The first application of dynamic underground stripping at the Livermore gasoline spill site in 1993 cost
about $110 per cubic yard ($140 per cubic meter); removing the additional research and development
costs suggested the project could have been repeated for about $65 per cubic yard ($85 per cubic meter).
The alternatives would have been significantly higher. Because contamination at the gasoline spill at the
Livermore site had migrated downward over 130 ft (40 meters), digging up the contaminated soil and
disposing of it would have cost almost $300 per cubic yard ($400 per cubic meter). Soil removal and
disposal costs are more typically in the range of $100 to $200 per cubic yard ($130 to $260 per cubic
meter); pump-and-treat method costs are as high as or higher than soil removal costs.

B. DUS and HPO at the Visalia Pole Yard

Use of DUS and HPO in combination can permit huge cost savings because HPO eliminates the need for
long-term use of expensive pump and treat treatment facilities by converting some contaminants to benign
products in situ and mobilizing other contaminants. Site operators can adjust process time to enhance
removal DUS or in situ destruction through HPO. Because the treatment is simple, it can be readily
applied to large volumes of earth.

Edison has projected the life-cycle cost of steam remediation at the Visalia pole yard to be under $20
million, which includes all construction, operation and monitoring activities. The total treatment zone
includes about 800,000 yd® (600,000 m®) of which about 400,000 yd* (300,000 m®) contained DNAPL
contamination. Approximately $4.2 million was spent on capital engineering, design, construction, and
startup. In addition, about $12 million had been spent on operations, maintenance, energy (gas and
electric), monitoring, management, engineering support, and regulatory interface by the end of 1998.
Since Edison (the site owner) has acted as primary site operator for the cleanup, the aforementioned
project costs do not reflect a profit in the overhead costs. Post-steaming operations will consist of the
operation of the water treatment system for an expected duration of two to five years to demonstrate
compliance with the California State EPA Remediation Standards. The annual operations and
maintenance costs for the water treatment plant is $1.2 million. The previously-approved cleanup plan of
pump and treat with enhanced bioremediation was expected to cost $45 million (in 1997 US dollars) for
the first 30 years; it was expected to take over 120 years to complete the cleanup.

The Visalia pole yard cleanup is the only commercial application of this method to date, but indications
are that large-scale cleanups with hydrous pyrolysis/oxidation may cost less than $25 per cubic yard
($33/m*), an enormous savings over current methods. Perhaps the most attractive aspect of these
technologies is that the end product of a DUS/HPO cleanup with bioremediation as a final step is
expected to be a truly clean site.

9. CONCLUSIONS
Breakthrough cleanups of seemingly intractable contaminants are now possible using a combined set of
thermal remediation and monitoring technologies. This “toolbox” of methods provides a rapid means to

clean up free organic liquids in the deep subsurface. Previously regarded as uncleanable, contamination of
this type can now be removed in a period of 1-2 years for a cost less than the many-decade site
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monitoring and pumping methods it replaces. The groundwater polishing by HPO provides the means to
completely clean serious NAPL-contaminated sites.

The gasoline spill demonstration clearly showed that thermal methods can quickly and effectively clean a
contaminated site. With respect to the Visalia Pole Yard cleanup, tremendous removal rates have been
achieved. More than 970,000 Ib. of contaminants was removed or destroyed in about 20 months of
operations; previous recovery amounted to 10 Ib/week. Contaminant concentrations are dropping in the
extraction wells; the site is cleaning from the periphery inward. Site management plans to terminate active
thermal treatment soon, returning to pumping and monitoring the site. The expectations are that
groundwater treatment will no longer be necessary after a few years.

The Visalia field tests confirmed in situ HPO destruction in soil and ground water at rates similar to those
observed in the laboratory, under realistic field remediation conditions. HPO appears to work as fast as
oxygen can be supplied, at rates similar to those measured in the laboratory. The predictive models used
to design HPO steam injection systems have been validated by using conservative tracers to confirm
mixing rates, oxygen consumption, CO, release, and effects of real-world heterogeneity. Accurate field
measurements of the critical fluid parameters (destruction chemistry, oxygen content, steam front
location) were demonstrated, using existing monitoring wells and portable data systems with minimal
capital cost.

Several sites are designing DUS/HPO applications similar to Visalia. These include both solvent and
pole-treating chemical contaminated sites, ranging in depth from relatively shallow (<40 ft (10 m)) to
relatively deep (>185 ft (56 m)). In January 1999, steam injection began at a relatively shallow (>35 ft (11
m)) site in Ohio in which DNAPL TCE is being removed.
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Project No. 15

Phytoremediation of Chlorinated Solvents

Location Project Status Media Technology Type
Aberdeen Proving Grounds, Edgewood [ Final Report Groundwater Phytoremediation
Area J-Field Site, Edgewood, MD

Edward Sears Site,
New Gretna, NJ

Carswell Air Force Base,
Fort Worth, TX

Technical Contacts Project Dates Contaminants

Harry Compton (Aberdeen Site) Accepted 1998 Chlorinated solvents: TCE, 1,1,2,2-
U.S. EPA, ERT (MS101) TCA, PCE, and DCE

2890 Woodbridge Avenue

Edison, NJ 08837-3679
Tel: 732-321-6751
Fax: 732-321-6724

E-mail: compton.harry@epa.gov Costs Documented? | Project Size Results Available?
Yes (preliminary) | Full-scale field Yes (preliminary)

Steve Hirsh (Aberdeen Site) demonstration

U.S. EPA, Region 3 (3HS50)

1650 Arch Street

Philadelphia, PA 19103-2029
Tel: 215-814-3352
E-mail: hirsh.steven@epa.gov

George Prince (Edward Sears Site)
U.S. EPA, ERT (MS101)

2890 Woodbridge Avenue

Edison, NJ 08837-3679 —

Tel: 732-321-6649 roject eports . . .

sz_ 732-321-6724 Available upon completion of projects. When available,

these reports can be obtained from the National Service
Center for Environmental Publications (NCEPI), P.O. Box
42419, Cincinnati, OH 42542-8695; tel: (800) 490-9198, or
(513) 489-8695.

E-mail: prince.george(@epa.gov

Greg Harvey (Carswell AFB Site)

U.S. Air Force, ASC/EMR

1801 10th Street - Area B

Wright Patterson AFB, OH

Tel: 937-255-7716 ext. 302

Fax: 937-255-4155

E-mail: Gregory.Harvey@wpafb.af.mil

Project 15 was completed in 1999.
1. INTRODUCTION

The efficacy and cost of phytoremediation to clean up shallow groundwater contaminated with
chlorinated solvents (primarily trichloroethylene), is being evaluated at the field scale in demonstration
projects at Aberdeen Proving Grounds Edgewood Area J-Field Site in Edgewood, Maryland, the Edward
Sears site in New Gretna, New Jersey, and Carswell Air Force Base in Fort Worth, Texas. These projects
will demonstrate the use of hybrid poplars to hydraulically control the sites and ultimately to remove the
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volatile organic compounds (VOCs) from the groundwater. When completed, these projects will allow a
comparison of phytoremediation at three sites under varied conditions within different climatic regions.

2. SUMMARY AND LATEST OBSERVATIONS

At the Aberdeen Proving Ground site, a process called deep rooting is being used to achieve hydraulic
influence. Hybrid poplar trees were initially planted in the spring of 1996 at five to six feet below ground
surface to maximize groundwater uptake. The field demonstration and evaluation will be for a five year
period. The U.S. Geological Survey has estimated that hydraulic influence will occur when 7,000 gallons
of water per day are removed from the site.

Several trees were excavated in the fall of 1998 to determine root growth. The tree roots were found to be
confined to the hole in which they were placed. In an attempt to increase root depth and width, new trees
were planted in holes of varying sizes and depths.

The latest field data indicates that hydraulic influence is occurring. Current tree uptake is 1,091 gallons
(4,129 liters) per day and is expected to increase to 1,999 gallons (7,528 liters) at the end of 30 years.
Contaminant uptake is minimal at this time but is expected to improve as the trees mature. Groundwater
sampling indicates that the contaminated plume has not migrated off-site during the growing season and
sampling data showed non-detectable emissions from transpiration gas. There are several on-going
studies to determine if deleterious compounds retained in the leaves and soil could pose risks to
environmental receptors.

At the Edward Sears site, deep rooting was also used to maximize groundwater uptake. Beginning in
December 1996, hybrid poplar trees were planted nine feet below ground surface. In addition, some trees
were planted along the boundary of the site at depth of only 3 feet to minimize groundwater and rainwater
infiltration from off-site. Groundwater monitoring will continue in 2000. A November sampling is
scheduled to determine if contaminant concentrations recover during the dormant season.

There were substantial reductions in dichloromethane and trimethylbenzene concentrations during the
1998 growing season. For example, dichloromethane was reduced to 615 parts per billion (ppb) from
490,000 ppb at one location and to a non-detect level from up to 12,000 ppb at another location;
trimethylbenzene was reduced to 50 ppb from 1,900 at one location. There is also indication of anaerobic
dechlorination in the root zone as the level of PCE dropped and TCE increased.

There seems to have been an adverse impact on tree growth in areas with high VOCs concentrations
during the initial two growing seasons. However, in the third growing season, the rate of growth has
increased significantly but the trees have yet to achieve the height and diameter of trees planted in
uncontaminated areas. Evapotranspiration gasses were collected in sampling bags during the hottest
periods of the day and were analyzed for target compounds. Only low levels of toluene (8 to 11 ppb) were
detected. Soil gas flux measurements indicated that no contaminants are released into the air from the soil.

At the Carswell Air Force Base site, the phytoremediation system is a low-cost, low-maintenance system
that is consistent with a long-term contaminant reduction strategy. Trees were planted in trenches as a
short rotation woody crop employing standard techniques developed by the U.S. Department of Energy.
The phytoremediation system was designed to intercept and remediate a chlorinated ethene contaminant
plume. The system relies on two mechanisms to achieve this goal: hydraulic removal of contaminated
groundwater through tree transpiration and biologically mediated in-situ reductive dechlorination of the
contaminant. The tree root systems introduce organic matter into the aquifer system, which drives the
microbial communities in the aquifer from aerobic to anaerobic communities that support this reductive
dechlorination.

The first three growing seasons resulted in a remediation system that reduced the mass of contaminants
moving through the site. The maximum observed reduction in the mass flux of TCE across the
downgradient end of the site during the three-year demonstration peri